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This thesis details research centering around GaN based light emitting diodes
(LEDs) emitting at non-standard wavelengths i.e. outside of the blue region of
the electromagnetic spectrum.
The first part of the work focuses on developing a simple procedure which
allows for the characterisation for loss mechanisms in high indium content LEDs.
A strong quantum confined stark effect was observed and had a strong correla-
tion with Poole-Frenkle emission, high forward and reverse bias leakage currents,
reverse bias emission and suppressed light emission. These effects are largely
attributed to epitaxy.
The use of thin metal interlayer was studied as a means of improving current
spreading layers. It was found that the inclusion of a thin Ni layer improved the
contact resistance, leakage and wall plug efficiency of devices with both ITO and
AZO contacts. Further to this it was found that annealing in O2 and slightly
increasing the thickness of the metal layer improved device characteristics.
Finally a series of experiments showed that a structure free of a p-type layer
could be used as a source of UV emission. These devices exhibited resonant
tunnelling behaviour which correlated to enhanced light output.
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Light emitting diodes (LEDs) have attracted significant interest in recent years
due to their potential for energy saving in commercial and household lighting,
automotive lighting, visual signs and display applications. In fact the impact
LEDs have made, in particular those emitting in the blue region, was reflected
when the 2014 Nobel prize for Physics was awarded to the pioneers of the gallium
nitride (GaN)/ indium gallium nitride (InGaN) LED, Isamu Akasaki, Hiroshi
Amano and Shuji Nakamura. Whilst significant progress has been made, the
challenge of achieving high efficiencies across the visible range remains.
The region which poses most difficulty in realising high efficiency lies between
the blue and the red visible light regions of the electromagnetic spectrum and is
known as the “green gap”. Further introduction to this can be found in section
1.5, with a more detailed discussion following in section 2.1.2. It is this which
provides the motivation for this work. As well as the push for high brightness
high efficiency LEDs, reduced price and improved colour rendering index (CRI)
are significant motivators. Indeed a particular aim of this research is to discover
the causes of lower efficiency for LEDs emitting in green-yellow light.
1.1 A brief history of LEDs
The discovery of electroluminescence was made in the early 1900’s by H.J Round,
using a point metallic contact on silicon carbide (SiC) [1]. Nearly two decades
later, Oleg Losev, announced the creation of the first LED [2]. The first modern
LED (i.e with a p-n or p-i-n structure) was developed by accident in 1961 at
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Texas instruments by James Biard and Gary Pittman. It was a gallium arsenide
(GaAs) based device which emitted infra-red radiation. The following year Nick
Holonyak Jr of General Electrics Company created the first LED to emit visible
light, in this case red. This device employed gallium arsenide phosphide (GaAsP)
on a GaAs substrate. It would be a further decade before LEDs would venture
out of the infra-red/red region of the electromagnetic spectrum. In 1972, Mon-
santo’s George Crawford developed the first yellow emitting device, which also
used GaAsP [3]. Crawford also developed an improved red LED. The same year
saw the realisation of the violet LED. Herber Maruska and Jacques Pankove of
RCA labs, employed Mg-doped gallium nitride (GaN) films [4] and thus laid the
foundations for modern III-nitride based devices and the creation of the blue
LED, although such developments would take several decades to be realised.
Progress was rapid and the 1970’s saw additional colours become available.
LEDs were now sought for a huge range of applications and demand soared as
cost dropped and brightness increased.
The early 1990’s brought the long awaited blue LED, created by Shuji Naka-
mura at Nichia Corporation [5] [6] [7]. At the same time, Isamu Akasaki [8] and
Hiroshi Amano, working at Nagoya made breakthroughs in the development of
p-type doping GaN. This was critical in furthering the efficiency of such devices.
This and Nakamura’s work resulted in the first white light LED, and changed
the landscape of household and commercial lighting applications, especially with
regards to energy saving.
1.2 Recombination Mechanisms
Recombination describes the process in which electrons and holes in a semicon-
ductor come together and annihilate accompanied by a release of energy. This
released energy can either be described as radiative or non-radiative, depend-
ing on whether or not a photon is emitted. Whilst the non-useful non-radiative
processes (which emits energy as heat rather than light) cannot be eliminated,
there are various approaches to enhancing the useful, radiative process. The sum-
mation of radiative and non-radiative processes, used to determine the internal
quantum efficiency (ηIQE) (see equation (1.1)), is commonly known as the ABC
model, details of which can be found in [9]. Based on this model the intrinsic
7






Where ηIQE is known as the internal quantum efficiency and A,B and C relate to
Shockley-Read-Hall, radiative, and Auger recombination respectively. The injec-
tion efficiency is denoted ηinj. Factor n is the electron density which is assumed
to equal the hole density, since each electron lost to non-radiative recombination
necessarily involves the simultaneous loss of a hole. Recombination, illustrated
schematically in Figure 1-1,is discussed next.
Figure 1-1: Recombination mechanisms. (a) SRH recombination (b) Auger re-
combination (c) Radiative recombination. Replicated from [10]
1.2.1 Radiative Recombination
Radiative recombination is the phenomenon in which electrons and holes in a
semiconductor recombine and a photon is emitted, the wavelength of which is
determined by the energy difference of the quantum states of the electron and
hole, which in an LED can be approximated by the bandgap of the material. It is
of course most prevalent in direct bandgap semiconductors, due to the necessity to
conserve momentum as well as energy in a recombination event. A more detailed
discussion of Equations (1.2) - (1.14) can be found in Schubert textbook [10].
8
Under equilibrium conditions the product of free carrier concentrations (that is
electron concentration,n0 and hole concentration,p0), is proportional to the square
of the intrinsic carrier concentration ni, i.e.
n0p0 = ni
2 (1.2)
Radiative recombination only becomes manifest when excess non-equilibrium
concentrations of electrons and holes are present in a direct band gap semicon-
ductor. Thus it is possible to use an injected current or light to generate an excess
of carriers. The summation of excess and equilibrium carrier concentrations is
used to determine the total concentration of carriers, i.e.
n = n0 + ∆n (1.3)
p = p0 + ∆p (1.4)
As previously stated, electrons and holes recombine and release energy. So intu-
itively, as recombination occurs the concentration of carriers will decrease if only
a pulse of electrons and/or holes are injected into the semiconductor. The rate
of recombination is therefore related to changes in the carrier concentration. The






B is known as the bimolecular radiative recombination coefficient and is calcu-
lated using the van Roosbroeck-Shockley model (see [10]). When a semiconductor
undergoes excitation by absorbing photons excess electrons and holes are gener-
ated in pairs. This means that the excess concentrations of electrons and holes
are equal;
∆n(t) = ∆p(t) (1.6)
When the excitation level is low, the concentration of majority carriers is
much greater than that of the generated excess of carriers. This results in a rate
equation which is the sum of the equilibrium R0 and excess Rexcess recombination
rates, given by
R = R0 +Rexcess (1.7)
9





A detailed derivation of equation (1.8) can be found in [10]. When the semi-














Where τn is the electron lifetime, and τp is the hole lifetime. NA and ND are the
acceptor and donor concentrations respectively. This then allows for determina-













For a doped semiconductor under low level excitation, the majority carrier
concentration is significantly larger than that of the generated carriers. However
the concentration of generated carriers will far exceed that of the minority carrier
concentration. Solving (1.11) and (1.12) reveals that the majority and minority
carrier concentrations both decay exponentially. Since only a small proportion
of the majority carriers will recombine, so under such conditions the time taken
for this is a great deal larger than the minority carrier lifetime. When the level
of excitation is increased the concentration of generated carriers exceeds that of





Using the relationship described by equation (1.13), it can be seen that under
these conditions the decay time is not exponential, being quadratic in the excess
density carrier if B is independent of ∆n 1.
Quantum well type structures are frequently employed in III-nitride LED
structures, and will be discussed in more depth in the next chapter. The recom-
bination rate for quantum well (QW) structures can be identified. A quantum
well acts to confine carriers to a narrow region. The three-dimensional electron
concentration can be approximated by: n
2D
LQW
Similarly the three-dimensional hole concentration can be approximated by:
p2D
LQW
Where LQW is the width of the quantum well. The above approximations







From (1.14) it is easy to see that higher carrier concentrations can be achieved
by narrowing the well width. This also reduces the dependence of B on n2D and
p2D (see footnote). Carrier lifetime is reduced as a result meaning the efficiency
of radiative recombination is increased. Of course increasing the efficiency radia-
tive processes is essential for increasing overall device efficiency, and as such the
engineering of quantum wells to best do this is discussed later.
1The bimolecular radiative recombination coefficient,B,can depend on the strength of the
local electric field, especially in quantum wells and quantum dots, which in turn depends on
the distribution of the excess densities of electrons and holes
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1.2.2 Non-radiative Recombination
Non-radiative recombination occurs when an electron-hole pair recombine to pro-
duce a phonon (lattice vibration) or cascade of phonons, meaning that heat is
generated. A number of mechanisms cause it to occur, the most common of which
involve point defects. These are locations at which free electrons and holes can
be captured into one or more localised energy states lying in the forbidden energy
gap between the valence and conduction bands. However defects can take a num-
ber of forms such as dislocations, intrinsic point defects and impurities. These
will be discussed further in the next chapter. Defects make for particularly effi-
cient recombination centres within the bandgap and as such can be detrimental
to device performance.
Shockley-Read-Hall (SRH) recombination is the name given to non-radiative re-
combination via defects. This occurs when a charge carrier is trapped by an
energy level (caused by a defect) within the bandgap. An oppositely charged
carrier then moves to the same energy level causing the pair to annihilate and
release one or more phonons [11] [12].
Whilst this process is generally non-radiative, luminescence has been observed in
deep level transitions [13], but this radiation occurs at longer wavelengths which
are usually regarded as non-optimal for LED performance.




−1(n0 + n1 + ∆n) + (NTµnσn)
−1(p0 + p1 + ∆p)
(1.15)
Where µp and µn are mobilities of the holes and electrons respectively. σp and
σn are the trap’s capture cross sections. If the Fermi energy corresponds to the














EFi is the Fermi level.
The rate of Shockley-Read recombination is limited by the rate at which
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minority carriers are captured, which leads to the implication that that majority
carriers are more likely to be captured. Further, the capture rates of defects lying
close to the middle of the band gap tend to be simultaneously high, with the effect
that RSR is large and LED efficiency reduced. On the other hand, defects with
single energy states lying close to the conduction or valance band edges usually
only capture one carrier type efficiently and quickly saturate and thus have little
effect on LED efficiency.
1.2.3 Auger Recombination
Auger recombination occurs when the energy from the recombination of an elec-
tron and hole, is transferred to a third carrier i.e. a second free electron is excited
to a higher lying energy state in the conduction band or a hole is excited into a
deeper lying (electron) energy state in the valence band. These carriers will lose
their additional energy in the form of phonons until an energetically favourable
level is reached near their respective band edges. The Auger recombination rates
are given below, with the first having a higher probability of occurring in p-type






Where Cp and Cn are the Auger coefficients. This process requires high carrier
concentrations, and so is not observed in low level excitation.
1.3 LED Efficiency
There are many factors which impact on the overall efficiency of an LED, not
just recombination.These happen at various stages of photon generation. This
section will provide a brief overview of these.
Probably the most intuitive and practical of these is the External Quan-
tum Efficiency (EQE). This describes how efficiently the device converts injected
charge carriers into photons which escape the dielectric chip into free space. It
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is a product of injection efficiency, Internal Quantum Efficiency (IQE) and light
extraction efficiency; i.e.
ηEQE = ηinjηIQEηext (1.20)
The injection efficiency(ηinj) is used to determine what percentage of injected
carriers reach the active region. Some of the current supplied to a device will
not recombine at all and will simply pass through the material from electrode to
electrode. In conventional pn junction diodes this is termed the diffusion current.
QW structures are employed to reduce this effect as they are more effective at
trapping carriers and so enhancing radiative recombination.
Carriers which occupy energy levels greater than the confinement energy of
the active region can easily escape without recombining. This effect becomes
more prominent as injection current is increased because the quasi-Fermi levels
also increase in energy and so more carriers have sufficient energy to escape
the QWs. At high injection current sometimes there is not sufficient time for
recombination and so the well fills and carrier overflow becomes more probable
than radiative recombination. To counter this multiple quantum wells are used to
recapture lost carriers. Also in GaN-based LEDs a thin layer (∼ 15nm) of wider
bandgap semiconductor is usually inserted between the emissive QW or QWs
and the p-layer of the pn-junction. This provides an energy barrier that acts to
impede diffusion of the more mobile electrons into the p-type layer where they
recombine non-radiatively. Such layers are commonly known as electron blocking
layers (EBL).
Internal Quantum Efficiency is the term used to describe the proportion
of charge carriers which recombine radiatively in the active region to the car-
riers which recombine radiatively and non-radiatively. IQE is impacted upon
by a number of processes, the most obvious being non-radiative recombination.
Charge separation arising from piezoelectric polarisation fields can also be detri-
mental to IQE especially in QWs, as is illustrated in 1-2. As indium content
increases (to achieve longer wavelength emission) there is a substantial decrease
in IQE. This phenomenon contributes to what is famously known as the ”green
gap”, i.e. the significant reduction in ηEQE of green/yellow/orange LEDs com-
pared with blue and red emitting devices.
Extraction Efficiency (ηext) describes the ratio of photons able to escape the
14
Figure 1-2: Energy band diagram of a quantum well (QW) structure with(right-
hand of figure) and without (left-hand of figure) an applied electric field. [14]
device to the number of photons created in the active region [15]. Total internal
reflection and photon absorption are the main causes of diminished extraction
efficiency, especially in planar devices. Device geometry, surface roughening,
etching or growing surface structures and encapsulation can help overcome these
problems, to increase ηext.
1.4 III-nitride Semiconductors for Light Emis-
sion
Gallium nitride (GaN) is a direct bandgap semiconductor and is ideal for light
emitting devices because, via its alloys AlGaN and InGaN, the bandgap can be
tuned for emission across the entire visible spectrum and into the ultraviolet. The
development of the blue LED paved the way for the first white light LED and thus
general lighting applications. White light emission is achieved either by three or
four colour mixing (RGB or RGYB), or by coating a blue LED with a colour
converting phosphor with the latter generally employed in low cost light bulb
replacement units. Whilst the technology is fairly recent, the advantages offered
by this material system have long been acknowleged. In 1969, some 30 years after
GaN was first synthesised [17], the first crystalline layers were grown epitaxially
2 on sapphire [18]. This material was of very poor quality but interestingly it
2Epitaxy comes from the Greek, epi which means ”above”, and taxis which means ”an
ordered manner”.It is the noun used to describe a crystalline layer grown over another crystalline
material, known as the substrate. The former will adopt the crystal structure of the latter
even if its planes of atoms have to be stretched (termed tensile strain)or compressed(termed
compressive strain)to create the fit.
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Figure 1-3: Bandgap and corresponding wavelength against lattice constant for
the III-nitride material system. Replicated from [16].
was found that the material was inherently n-type. A few years later the first
light emitting devices emerged [19] [20] and soon after the first Mg doping was
reported [21]. However the poor quality of the material and inconsistent results
hindered progress. The development of molecular beam epitaxy (MBE) and metal
organic chemical vapour deposition (MOCVD) led to significant improvements
in crystalline quality [22] [23].
As its name suggests MBE is the process in which thin-layers are deposited
by beams of gaseous elements directed towards the substrate where they con-
dense. This process does not use carrier gases and requires an ultra high vac-
uum. MOCVD employs the use of chemical reactions for deposition, in contrast
to MBE which directly deposits material. These reactions occur at high tem-
perature and usually under low pressure, the value of which is dependent on the
material grown and will impact upon the crystalline quality. MOCVD will be
discussed further in 1.4.2.
The next significant development came in the late 1980s and 1990s and was
the ability to p-dope the material. This was especially challenging due to the
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inherently n-type nature of GaN with p-type layers tending to be highly resistive
and insulating. Substantial effort saw the realisation of Mg-doped layers resulting
in increased luminescence [24] [25]. Progress accelerated and saw the realisation
of commercial blue and white LEDs.
1.4.1 Structure of III-Nitride Semiconductors
Alloys in the AlxInyGa1−x−yN system can have either a Wurtzite or zinc-blende
crystal structure, however the former is thermodynamically the more stable.
When describing a Wurtzite crystal a number of parameters need to be de-
fined; the atomic separation within a plane is termed a and the periodicity of
the atoms,termed c. These are shown below in Figure 1-4.
GaN lacks a suitable substrate so is typically grown on sapphire, although
much work is now being done using silicon substrates [26]. Only sapphire sub-
strates are considered here. The large lattice mismatch between GaN and sap-
phire causes the material to become strained, and also introduces dislocations.
GaN and sapphire also have different thermal expansion coefficients, so as the
epitaxy cools post growth, dislocations and cracking can occur [27]. Figure 1-
3 shows that a lattice mismatch also exists between GaN and InN, so this too
introduces strain into the epitaxy.
GaN in its hexagonal crystalline form experiences a spontaneous polarisation
which arises because the Wurtzite crystal is intrinsically asymmetrical. Light
emitting devices are typically grown in the c-plane direction (see Figure 1-4),
meaning that each surface of layer has a polarisation charge resulting in an inter-
nal electric field directed upwards or downwards along the c-axis depending on
the sum of the spontaneous and piezoelectric polarisation. Added to this spon-
taneous polarisation, a piezoelectric polarisation occurs as a result of the lattice
mismatch strain with the substrate, and is either positive or negative depending
on the direction of growth and whether the semiconductor is experiencing tensile
or compressive strain.
If QWs are present, internal electric field causes charge separation by forcing
electrons and holes to opposite sides of the QW, which causes poor electron-hole
wavefunction overlap, an essential requirement of recombination. This is known
as the quantum confined Stark effect (QCSE) and is particularly marked for wide
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Figure 1-4: Structure of Wurtzite GaN and directions of each plane. Lattice
constants for GaN are a = 3.186 A˚and c = 5.186 A˚ [28]. Replicated from [29].
QWs with high In contents, and therefore is detrimental to longer wavelength
emitters, for example green-to-orange LEDs. The QCSE describes how the emis-
sion spectrum (or absorption spectrum) of a QW is effected by the presence of
an external electric field. When no external electric field is acting on a QW then
charge carriers can occupy certain discrete energies. However if an electric field
is applied this causes electrons and holes to move to lower and higher energies
respectively, resulting in a reduction in allowed emission frequencies. The recom-
bination efficiency is hindered due to electrons and holes moving to opposite sides
of the QW i.e. reducing the wavefunction overlap.
1.4.2 Growth of III-Nitrides
III-nitride semiconductors can be grown using a number of methods, including
MBE, MOCVD [30] [31] and hydride vapour phase epitaxy (HVPE). MOCVD
is most frequently used to grow LEDs structures. The substrate (e.g. sapphire) is
placed in the reactor on a heated stage. Precursor chemicals trimethylindium(TMI)
and trimethylgallium (TMG) and ammonia (NH3) are used as sources for In, Ga
and N respectively and are carried in hydrogen or nitrogen gas.
Layers are doped by including silane and bis(cyclopentadienyl)magnesium
in the aforementioned precursor chemical mixture to achieve n-type doping (by
Si) or p-type doping (by Mg). The gaseous molecules decompose to create a
local atmosphere of In, Ga, Al and N over the substrate from where atoms are
deposited to evolve the epitaxial layer. These atoms may either adhere directly
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on the surface of the latter, as in the case of N, or diffuse across the surface
to reach the edge of a laterally expanding added plane of the crystalline alloy.
The substrate temperature is controlled throughout growth depending on alloy
composition. The flow rate of the chemicals can be varied in order to achieve
abrupt interfaces. These allow for the growth of doped layered structures as
required in pn junction diodes.
1.5 The Green Gap
Although called the“green gap”, it actually covers the green, yellow and orange
wavelength regions of the visible spectrum. Specifically it describes a wavelength
region between 520nm and 635nm , in which LEDs do not reach a satisfactory
external quantum efficiency. A comprehensive understanding of the structural
and material issues which affect these long wavelength InGaN LEDs is necessary
in order to realise their potential. Optimum performance for RGB display ap-
plications requires devices emitting at 540nm and 622nm, however the biggest
drive comes from the desire to produce high quality, high efficiency white light
systems. Currently white light LEDs make use of a blue LED covered in a
phosphor. Whilst many advances have been made in the development of these
phosphors, this system suffers from a number of issues. White light rendition by
mixing three, or even four, separate colours is known to improve not only the
colour rendering index but also the luminous efficacy [32], [33]. The green gap
problem arises from a number of issues which include reduced crystal quality due
to indium segregation and lower growth temperature [34] [35], the larger lattice
mismatch and consequent stronger quantum confined Stark effect (QCSE) in In-
GaN/GaN multiple quantum wells (MQWs) with the higher InN mole fraction
needed to shift the emission to longer wavelengths [36]. A further discussion of
this and approaches to overcoming it can be found in 2.1.2.
It should be noted that emission in the ultraviolet region, which uses AlGaN, is
also inhibited in a similar way. Higher aluminium contents are used to shorten the
emission wavelength but as the Al content increases efficiency drops off rapidly.
There is an in intense interest in realising efficient emission at such wavelengths
(100nm - 400nm) for germicidal and curing applications.
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1.6 Aims and Objectives
The research described in this thesis aims to characterise the inefficient nature of
LEDs emitting in the long wavelength visible region of the spectrum. The aim
of the research is to investigate the contributions of non-optimum GaN/InGaN
semicondutor layers, including defect related effects, to degrading the efficiency
of LEDs.
The work also aims to confirm the viability of Al:ZnO (AZO) as an alterna-
tive to Indium Tin Oxide (ITO) for use as a current spreading layer, as well as
addressing some of the practical engineering questions related to that.
Finally the research looks at the use of alternative structures as a potential
for realising high efficiency UV emission by omission of the problematic p-layer.




This chapter will discuss the literature surrounding the key challenges facing Al-
GaN/InGaN/GaN based LEDs, especially those emitting in the green - orange
and UV regions (non-standard wavelengths). There are a number of approaches
which can be used to improve the efficiencies of LEDs operating at non-standard
wavelengths. These could involve structural cures such as improved chip ge-
ometry, the growth or etching of nanostructures, surface roughening or surface
microstructures. Such cures aim to aid light extraction and in the case of forming
nanostructures alleviate some of the strain induced effects. Improved epitaxial
structure design could increase radiative recombination rates (thus increasing
IQE). This could include the use of prelayers, electron blocking layers (EBL)and
optimisation of the active region. Improved contact technology and fabrication
techniques (e.g. reduced etch damage) would benefit injection efficiency.
Meeting the challenges posed by the drop in efficiency outside the blue region
requires steps to be taken at all stages of device design and production. A vast
body of literature exists on such topics and therefore a brief overview is presented
with the focus being increased IQE, process enhancement and optimisation of the
transparent conducting layer.
2.1 Efficiency issues in III-Nitride LEDs




Efficiency droop is a significant issue in InGaN/GaN LEDs. It is a phenomenon
in which a decrease in IQE is observed as injection current increases. Droop in
InGaN LEDs is observed at all wavelengths however it does tend to increase with
increasing emission wavelength. It is also observed in arsenide/phosphide based
devices which operate in the red - yellow part of the visible spectrum, and is
known to be a result of self-heating. So when it was seen in nitride based devices
it was originally thought to have the same origin. However when pulsed mea-
surements were performed (in order to prevent the device from heating), droop
still occurred. Nakamura suggested that indium (In) clusters in the QWs were
the cause [38]. Light and dark areas in the QWs were seen using a transmission
electron microscope. X-ray diffraction experiments determined that these cor-
responded to In-rich and In-poor areas respectively. It was proposed that these
In-rich areas were defect-free and thus would trap electrons and holes, giving rise
to bright emission. Then as current increased these regions would become sat-
urated and so charge carriers would be pushed to defect rich areas which would
lead to non-radiative processes dominating. Therefore, this saturation was the
proposed origin of droop. A number of groups carefully measured the variation of
In composition in InGaN Qws using low-voltage imaging. No significant In clus-
tering was observed and therefore it can be concluded that they are not critical
for substantial light emission [39], [40].
A number of papers published around 2007 offered different explanations,
including Auger recombination [41], carrier leakage [42], quantum well width [43]
and Fermi level dependent non-radiative recombination via defect states [44].
Of these, Auger recombination has drawn the most attention. It was Lumileds
who brought this interpretation into the spotlight [41]. Photoluminescence was
measured over a range of intensities and it was shown that its variation fitted well
with the equation describing Auger recombination. This was further reinforced
by the theoretical work of Van de Walle et al which suggested that an indirect,
phonon-assisted Auger process could be the cause [45]. In 2013 teams from
UCSB and CNRS-Ecole Polytechnique reported that they had directly measured
Auger electrons using electron emission spectroscopy from an InGaN/GaN LED
under forward bias [46]. However many still argue that Auger recombination
does not account for the efficiency loss seen in many LEDs and that carrier
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leakage mechanisms must also be included [47]. Existing LED structures are quite
complex, their fabrication and characterisation have many variables therefore
reaching definite conclusions on the origin of droop remains both challenging and
controversial. It is also probable that different droop mechanisms dominate in
different structure types.
2.1.2 The Green Gap
Perhaps the greatest challenge in realising high efficiency green - orange LEDs
is the rapid decrease in IQE as the In composition (and thus wavelength) in the
QWs increases.
Figure 2-1: Power conversion efficiency with wavelength [9].
As is mentioned in section 1.5 a number of factors contribute to this. These
include difficulty in growing active regions arising from the required reduced
growth temperatures [48] and the limited solubility of In [49]. Large lattice
mismatch between not only the material and substrate but also between GaN
and InN [50] and the lower surface mobility of In atoms compared with Ga on
the growing epitaxial surface can give rise to high defect densities in the material.
Built-in spontaneous and piezoelectric polarisation fields [51], the origins of which
are noted in section 1.4.1, can have a significant impact on the IQE. They are
responsible for the QCSE, the effect of which is that there is reduced overlap in the
electron and hole wavefunctions, which in turn results in a lower matrix element
for radiative recombination. Both polarisation fields lead to charge separation
effects which affect the dynamics of carriers in the QWs [52]. These also have
the effect of broadening EL-spectra [53].
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A number of actions have been proposed to counter the issues detailed above.
These include modification of the active region, surface structures, the inclusion
of underlayers (i.e.layers beneath the emissive MQW region in the LED epitaxial
structure) for possible strain relaxation, advantageous electric field distribution
or for improving the supply of injected electrons. The use of cubic GaN has
drawn interest as a possible green gap solution, although currently is challenging
to grow. It removes the issue of internal electric fields and thus the QCSE so
increases the radiative recombination efficiency. Additionally it has a smaller
bandgap than hexagonal GaN which results in less indium being required to
achieve longer wavelengths [54].
2.1.3 Defects and their effects
Gallium nitride heteroepitaxy, inherently has a high density of defects, arising
mainly from a lack of suitable substrates with the effect that the substrates em-
ployed have rather different lattice parameters resulting in the epitaxy becoming
strained and forming defects. Many methods of reducing these issues result in
more complex growth processes. However there have been many recent develop-
ments on the growth of device structures on bulk GaN substrates [55]. Lattice
matched GaN substrates have seen considerable improvement and are now com-
mercially available. The use of such substrates negates the negative results of
growth on foreign substrates and an improvement in device performance has
been demonstrated [56].
Abrupt extended changes within the crystal are known as threading disloca-
tions(TDs). They arise because of vacancies or misalignments of atoms and cause
the interatomic bonds to become distorted or break, which in turn causes distor-
tions in the crystal lattice. Generally speaking, TDs found in GaN are comprised
of components of both edge and screw dislocations. The probability of carrier
tunnelling is thought to increase around TDs since leakage current significantly
increases as TD density increases. A decrease in luminescence due to current
leakage is observed. However carriers are still more likely to move towards QWs,
the latter effect being offset by the greater thermal energy needed for carriers to
escape the deeper wells. Reduced carrier mobility, due to electron scattering, can
be attributed to the presence of such defects in the material [57].
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Point Defects can be generalised into three categories; vacancies, interstitial
atoms and substitutional atoms or combinations of these different sorts. A va-
cancy is an unoccupied site in the crystal lattice. Interstitial atoms are atoms
which occupy a site between regular sites, however such atoms must maintain
sufficiently low energies in order to remain there. Substitutional atoms are im-
purities which occupy regular sites within the lattice. Such defects can act as
carrier traps.
Grain boundaries are the interfaces between regions of different crystallo-
graphic orientation and the bulk material. It is thought that these form potential
barriers, thus limiting carrier transport [58]. Dislocations occur at these grain
boundaries, in fact defining their position.
Inversion domains are regions which are opposite in polarity to the bulk
semiconductor. III-nitride material is typically strained, so when inversion do-
mains are present, the direction of the piezoelectric polarisation field will be re-
versed [59]. Stacking faults are disruptions to the sequence of the stacked lattice.
In the case of Wurtizite structures these can be subdivided into two categories;
basal stacking faults (BSF) and prismatic stacking faults (PSF). The former tends
to occur in polar, c-plane GaN as this requires the least amount of energy.
As their name implies, nanopipes are pipe like structures, aligned in the direc-
tion of crystal growth and are related to dislocations and oxygen impurities [60].
Defects are known to introduce strain in III-nitride films which results in addi-
tional polarisation which can negatively impact radiative recombination. Defects
can also introduce energy levels to the forbidden region which may then act to
scatter carriers or as non-radiative recombination centres thus decreasing effi-
ciency. They can, however, result in radiative recombination often observed as
yellow band emission in n-type GaN [61]. InGaN based LEDs frequently pos-
sess high densities of threading defects, the origins of which are described above,
and it has been demonstrated that leakage current increases exponentially as
threading dislocation increases [62]. It has been reported that current-voltage
measurements on InGaN/GaN LEDs grown on sapphire show that tunnelling
mechanisms can be dominant over a large bias range [63]. However, this is not
the case for devices grown on bulk GaN substrates as the material tends to con-
tain fewer dislocations [64]. These results indicate that defects have a significant
impact on current paths through the active part of the LED, namely the QWs.
25
GaN grown on sapphire has a relatively high concentration of dislocations due
to the large lattice mismatch. Clearly the growth of low defect density material
is a likely requirement for the development of devices with high IQE. A detailed
review of the effect of defects can be found in review by Reshchikov [65].
2.1.4 Epitaxial layer engineering
Quantum well structures
A quantum well (QW) is a thin layer of semiconductor material which acts to
confine charge carriers. Such regions are sandwiches between layers of wider
bandgap material which act as energy barriers, preventing carrier escape. A
number of different approaches have been used to improve QW efficiency.
Staggered QW structures are comprised of so called sub-layers which have
different In contents and are sandwiched between barrier layers. They have been
shown to enhance spontaneous emission and thus radiative recombination rates
resulting in increased optical output power [66], [67] [68], [69], [70], [71], [72]. This
is attributed to the increased electron and hole wavefunction overlap and im-
proved carrier confinement [67], [70], [68]. Improved overlap comes from spread-
ing the wavefunction of the lighter effective mass particle (the electron) towards
the centre of the QW. However the centroid hole wavefunction remains un-
changed [67]: Figure 2-2. The abruptness of sub-layer interfaces has been shown
not to effect the spontaneous emission and therefore allows for the use of graded
growth temperature, making manufacturing practical [73].
Graded QWs (GQW) are structures in which the In composition is linearly
graded or well thickness is increased along the direction of growth. It has been
reported that these both cause a suppression of the quantum confined stark ef-
fect (QCSE)(see discussion in previous chapter, Section 1.4.1) and Auger re-
combination. [74]. In addition, those with increasing well thickness demonstrate
significantly improved hole distribution [75], that is QWs are more uniformly
populated, as opposed to the default where most holes are in one QW closest
to the p-type side. These effects result in decreased efficiency droop, making
this technique promising for all InGaN based light emitters, not just those in the
green gap [74] [75] [76] [77].
Chirped MQW LEDs contain an active layer comprising of thick QW with
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Figure 2-2: Figure shows (a) A conventional QW structure (b) Staggered QW
structure [67].
low In content close to the p-side layer and thin, high In content QWs on the
n-side. [78] [79] Such structures have exhibited improved carrier injection into
active region and therefore an increase in radiative recombination.
Electron-hole overlap can be increased by inserting an ulta thin InN or AlGaN
layer (δ layer) in the InGaN QW [80]. In fact the overlap increases with increasing
wavelength and the insertion of this layer can increase the emission wavelength
as the average well depth is increased [81] [80].
Strain compensated QWs [82] InGaN/GaN substrates eliminate the issues of
substrate-epitaxy lattice mismatch and thus cause a reduction in strain leading
to a reduction in internal polarization fields. However a mismatch still exists
between GaN and InN giving rise to polarization.
Lumileds and several others have proposed the use of thick QWs, (9nm and
13nm) [83], which would be less susceptible to Auger recombination due to the
reduction of carrier density in the active region.
Usually “thin” quantum wells are adopted to improve the quality of the mate-
rial and prevent severe reduction in the overlap integral arising from the QCSE.
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Figure 2-3: Figure shows (a) A conventional QW structure (b) Chirped QW(c)
Chirped QW of opposite polarity [78].
The trade off comes when volume averaged carrier density increases which will
make Auger recombination ever more likely. The inclusion of a shallow QW be-
fore the active QW has been shown to increase efficiency by reducing the lattice
strain in the active region [84].
Quantum dot structures
Quantum dots (QD) have been proposed as an alternative active layer to quan-
tum well structures as they have shown increased efficiency in the green gap
region [85]. In rich regions in InGaN active region layers exhibit localised in-
creases in radiative recombination due to the formation of potential minima.
Both self-assembled methods and MOCVD have been used to create QD active
layers. These structures have shown a reduction in the strain induced piezo-
electric polarisation [86]. Wavelength shifts are observed as injection current
increases because of the QCSE, so clearly growth optimisation is required before
the potential of QD active layers is realised.
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Blocking layers
Many InGaN based LED structures include an AlGaN electron blocking layer
(EBL) as a means of improving carrier confinement, however such layers, whilst
reducing electron overflow into the p-layer, can also inhibit hole injection into the
active region [87]. Whilst EQE does improve with the inclusion of an EBL at
moderate current density, as this is increased the EQE suffers due the reduction
in hole injection efficiency [88].
The use of an InAlN EBL has been shown to suppress droop and improve
emission intensity [89] [90] [91]. Such results are indictive of the need for im-
proved carrier confinement to the active multiple quantum well (MQW) layers
and reduced leakage for realising high power high efficiency green gap region
LEDs [90] [91]. High In contents in the active region make green gap region
emitters more vulnerable to thermal damage, therefore the lower growth temper-
ature needed for InAlN EBLs may facilitate increased quantum efficiency [91].
Additionally InAlN is preferable as it offers reduced lattice mismatch compared
to AlGaN.
Improving light extraction
One of the most fundamental hindrances to light extraction is that InGaN has
a high refractive index (n = 2.4). However other factors also impact the optical
properties of LEDs these include impurity and free carrier absorption, metal con-
tacts, active layer reabsorption and low bandgap layers [83]. Owing to its high
refractive index a significant proportion of the light generated within the device
remains trapped within it by total internal reflection. Naturally this leads to the
development of methods for increased extraction of this light. This can done in
a number of ways; enhanced chip shaping, growing or etching nano structures,
surface roughening, employing the use of surface structures and improved trans-
parent current spreading layers (these are layers which ensure that the injected
current is distributed as uniformly as possible across the active area of the device
(current spreading) and are optically transparent to allow for light extraction).
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Chip structures and geometry
A number of chip structures can be employed. Conventional structures have the
n-layer grown first, on top of the substrate. The active layer lies on top of this,
and the p-layer above that with or without an intervening electron blocking layer.
The p-layer and active region must be etched in order to access the n-layer for
contact deposition.
Figure 2-4: Different device structures [83].
P-side down structures
P-side-down LED structures can be grouped into two distinct types; the first
being conventional [0001] oriented pn-LED’s, in which final stage of growth is
the p-GaN layer which is later wafer bonded to a carrier substrate in order to
create a vertical LED structure with the lower contact acting as a mirror. The
second type is a simple heterostructure which consists of the p-GaN layer grown
first and the n-InGaN layer grown on top, oriented along [0001]. The latter is
not favoured owing to the tendency for the Mg acceptors to become de-activated
during epitaxial growth.
Both of these p-side-down structures bring their own advantages to device
performance; the vertical LEDs have a reflective p-contact which increases light
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extraction, and the carrier substrate improves heat extraction at high current
operation. The devices whereby the p-GaN layer is grown first have shown im-
proved performance due to a reduction in the hole injection barrier. In addition,
an enhancement in the electron barrier has been reported, negating the need for
an electron blocking layer [92] [93]. Novel low temperature growth has been re-
ported by Meaglow [94]. Such a technique avoids acceptor deactivation and could
be used in developing LEDs with this structure.
Chip geometry
It has been shown that the shape of a device has a significant impact on the
light extraction efficiency [95] [96]. Increased light extraction is seen in non-
conventional geometries when compared with conventional rectangular devices
[95] [97] because of total internal reflection on neighbouring sidewalls. Hexag-
onal chip geometries not only show greater light extraction but also make the
most efficient and practical use of the epitaxy. Whilst the optimum LED shape
is recognised as spherical with a point-like active region [10], these and simi-
lar ”dome-like” structures are not practical and or cost-effective. The rectan-
gular/square chip shape is the most practical geometry when fabricating on a
wafer-scale, with such a shape allowing for individual devices to be easily cut
from the wafer. The practicalities of device fabrication and manufacturing pro-
cesses of packaged devices are critical in determining the widespread adoption of
a particular technology.




Devices which incorporate nanorod arrays offer several advantages over the tradi-
tional planar LEDs: (i) The structure gives rise to lateral strain relaxation which,
in narrow nanorods( ¡ 250nm diameter)can extend virtually all the way through
the nanorod [98], with the effect of reducing the QCSE and increasing IQE. (ii)
The light extraction efficiency is improved via the moth-eye effect [99] and emis-
sion pattern control made possible for an ordered nanorod array which acts as a
diffraction grating, coupling trapped guided modes in the planar regions to radi-
ation modes. (iii) Light extraction efficiency is improved due to increased surface
area and (iv) nanorods can potentially reduce the number of dislocations [100].
Surface Patterning
The surface of an LED plays a critical role in whether light is emitted or inter-
nally reflected. These can be divided into two distinct categories; large facets
which reduce the trapping of light and sub-wavelength texturing which increases
light extraction (see previous section). Surface roughening via wet chemical etch-
ing (e.g.KOH etch) is known to increase light extraction [101]. Nano roughening
of the p-GaN surface has been shown to increasing efficiency and also signifi-
cantly reduce series resistance [102]. The transparent contact layer can also be
roughened [103] to increase light extraction.
Graded refractive index (GRIN) LEDs employ microstructures grown on the
top surface of the device. The microstructures are comprised of a number of layers
of material with different refractive indices. Devices which include such structure
offer the possibility of controlling the far-field emission pattern and enhancing
light extraction [104], making them useful for etendue-limited applications such
as projection systems and automotive headlights [105].
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Figure 2-6: P-side down LED structures showing graded refractive index (GRIN)
microstructures fabricated on the n-GaN. These microstructures are typically
several microns in diameter. See [106].
2.1.5 Non-polar and Semi-polar GaN
GaN/InGaN based LEDs grown on non-polar or semi-polar orientations have
demonstrated or are predicted to demonstrate, increased IQE, improved In in-
corporation into the QWs, reduced or eliminated internal polarisation fields and
reduced efficiency droop, as thicker QWs can be used (although this does assume
that Auger recombination is the dominant cause of droop) [107]. However, such
systems currently suffer from poor crystalline quality, small substrate area, as
well as high cost. As noted earlier(see 2.1.3), the most straight forward way to
grow device structures is on bulk GaN substrates.
2.2 Fabrication Considerations for GaN based
LEDs
The method for the fabrication of InGaN based LEDs in this work is described
in the next chapter. Optimised fabrication processes are essential in ensuring
maximum efficiency and reliability are achieved.
2.2.1 Etch damage
GaN/InGaN based LEDs usually adopt a ”mesa diode” structure (see 3-2. Mesas
are typically dry etched using a chlorine based inductively coupled plasma (Cl2
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or BCl3). This process provides good surface morphology, process control and
stable etch rates. However the plasma can damage the semiconductor, either by
leaving the surface nitrogen depleted or by leaving dangling gallium bonds which
then bond with oxygen. Both the N vacancies and the O impurities result in the
formation of shallow defect levels which may be detrimental to device performance
and reliability. It is possible to use a N2 plasma treatment to recover the surface
of n-type material [108]. P-type material can also be recovered by removing
the surface oxide layer (caused from the Cl2/Ar O2 etch) using a buffered oxide
etch [109], a step which could be critical in avoiding device failure. No steps to
remove etch damage were undertaken in this work.
2.2.2 The formation of Ohmic contacts with GaN based
materials
Here the mechanisms for forming ohmic contacts with GaN based materials are
discussed. A metal/semiconductor interface with no potential barrier for carrier
tunnelling is an Ohmic contact [110]. They provide the essential link between
the device and the external circuitry, making their optimisation critical [111].
The total resistance of this interface is known as the contact resistance (see 3).
From this, the more useful, specific contact resistance,ρc, can be determined [112].
It is one of the fundamental parameters determined when characterising any
semiconductor device. Poor contacts are detrimental to efficiency and can result
in device failure.
Figure 2-7: Energy level at metal/semiconductor interface for an Ohmic contact
[113].
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Due to the wide bandgap of GaN, the formation of Ohmic contacts is difficult
[114]. Typically Ti/Al/Ni/Au is used to form such contacts on n-type GaN,
and Ni/Au [115] on p-type. The specific contact resistance is dependent on the
metal/semiconductor Schottky barrier height ΦB and the semiconductor’s doping
concentration,ND [116].
Interface carrier transport mechanisms are dependent on ND. For lightly
doped (ND < 1 × 1017cm−3), thermionic emission is the dominant mechanism.
In this instance ρc does not depend on ND, as carriers require thermal excitation
over the barrier due to the large space charge region . In material with doping in
the region of 1×1017 < ND < 1×1019cm−3, the dominant transport mechanism is
thermionic field emission. This means that carriers require thermal excitation to
a level where tunnelling is permissible. In heavily doped semiconductors (ND >
1 × 1019cm−3), carrier transport is dominated by field emission. Here electrons
can tunnel through the interface due to the small barrier height, so Schottky
barrier and doping concentration have significant influence on the specific contact
resistance [114].
Temperature is the determining factor for transport mechanisms in instances
when the carrier concentration and barrier height are static. At low temper-
ature the primary mechanism is field emission. At intermediate temperatures
thermionic field emission dominates. Thermionic emission is responsible for elec-
tron transport at high temperature [111].
These allow for the deduction of suitable materials for good Ohmic contact
formation. For n-type GaN Ti and Al provide a low Schottky barrier height [117]
[118] [119]. The consensus is that TiN (a metallic conductor) is formed at the
interface upon annealing. The GaN at the interface becomes nitrogen deficient
and develops a high free electron concentration and gives a suitable quasi-ohmic
contact. P-type GaN is more challenging due to the difficulty in obtaining low
barrier heights [120]. However it is found that metals with a high work function
Ni, Au, Pt and Pd are the most suitable candidates [121]. The table below gives
the work functions of metals commonly used to form contacts on GaN.
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Metal Work Function (eV)
Ag 4.26 - 4.74
Al 4.06 - 4.26
Au 5.10 - 5.47
Ni 5.04 - 5.35
Pd 5.22 - 5.60
Pt 5.12 - 5.90
Ti 4.33
Ohmic contacts on p-type GaN
Work functions of metals are generally in the range of 4-5eV and the bandgap of
GaN is 3.4eV. Thus making obtaining a small Schottky barrier at the metal/p-
GaN interface inherently challenging [120]. The p-type doping of GaN has been a
long standing focus of research [21] [25]. Whilst many advances have been made,
many problems still exist. One such problem, which affects the specific contact
resistance, is the concentration of free holes. The free hole concentration in p-
GaN is an order of magnitude (or more) lower than the doping concentration. It
is possible to, at least to some degree, remedy these issues by using metal alloys
and by optimising the annealing conditions.
Current spreading layer
All devices discussed in this work were grown on insulating sapphire substrates.
This means that current mostly flows laterally within the device. This structure
requires current to be injected via an electrode on top of the p-GaN layer. To
counteract the impact this will have on light extraction, a current spreading layer
is employed. It is a transparent conducting film that distributes current to areas
not covered by the electrode. Such layers increase light extraction and ensure
uniform emission. Poor carrier distribution in the active layer is thought to arise
due to low hole mobility, causing an increase in current density at QWs on the
p-side layer of the junction, and thus resulting in a reduction in the IQE at high
current density [122]. Theoretical studies show that improved current spreading
can be used to induce a more uniform distribution of carriers into these active
layers and therefore decrease efficiency droop at high current density [123].
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Figure 2-8: Simplified LED structure.
There are various approaches when trying to improve such layers and are dis-
cussed in this section. The use of thin metal layers underneath a thick transparent
conducting oxide (TCO) is explored experimentally in later chapters.
Thin Ni/Au is the most common current spreading layer employed in GaN
based light emitters. It is annealed in O2 post deposition causing oxidisation,
resulting in the Ni being converted to NiO, which is itself a p-type semiconductor.
Improved light extraction due to reduced absorption of emitted light, by use
of a mesh transparent contact layer has been demonstrated [124].
Graphene is a promising material in many fields, and has been successfully
used as a transparent contact layer in III-nitride based LEDs. Such devices show
improved optical power and low contact resistance [125].
Indium Tin Oxide (ITO) is commonly used as an alternative to Ni/Au due
to it’s enhanced transparency and better thermal stability. Improved Ohmic
behaviour (compared to Ni/Au) has been demonstrated for contacts employing
an interlayer/ITO system. A number of metal interlayers have been investigated,
including Ni,Ni/Au and Ag [126]. The motivation for the inclusion of Ni is the
formation of interfacial NiO and thus improved specific contact resistance [127].
However other interlayers exhibit encouraging behaviour. Ag/ITO contacts have
been demonstrated to have a specific contact resistance comparable with Ni/Au,
but having an increased transmittance [128]. Therefore such devices will have an
increased light output. The improved electrical characteristics are attributed to
the formation of Ag-Ga, which produces Ga vacancies underneath the contacts,
thus increasing the carrier concentration at the surface [129]. Al doped ZnO
(AZO) shows promise as a replacement for ITO, with equal or even improved
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transmittance however higher sheet resistance. Ni and NiO interlayers with AZO
have been investigated and shown an increased light output for UV GaN LEDs
compared to those using Ni/Au [130].
Clearly the transparent contact layer makes a vital contribution to the overall
efficiency of the device so the optimisation of this is essential in realising efficient
green gap emitting LEDs.
2.3 Summary
Overcoming the issues faced by green gap region InGaN based devices can be
done in a number of ways such as improving IQE, lowering droop, increasing
light extraction. However optimisation of the metal/semiconductor contacts is
also of critical importance. The realisation of these are key to the development
of the most efficient white light emitting devices.




This chapter aims to introduce the reader to the numerous techniques used
throughout this work to fabricate, characterise and analyse the LEDs in this
work. With the exception of the devices discussed in chapter 7, all devices were
fabricated, characterised and analysed in-house. The samples in chapter 4 were
generously provided by IQE plc. The transparent contact layers discussed in
chapter 5 and chapter 6 were kindly deposited by Sarah Thornley at Plasma
Quest Ltd, as part of the INREP project. INREP was funded by the European
Union via the Horizon 2020 research and innovation programme (grant agreement
No 641864).
3.1 Device fabrication
This section summarises the techniques used to fabricate the LEDs presented in
this work. A diagram of the ’standard’ fabrication [131] is included, with any
deviations from this procedure detailed below. The devices discussed in Chapter
7 fabricated at Imperial College London and a description of this included at the
beginning of that chapter.
3.1.1 Etch mask
In order to etch device geometries in to a wafer an etch mask must first be
created. This acts to expose certain areas whilst protecting others (in this case
the p-GaN layer). The mask material itself is chosen so that it will be resistant
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to the GaN etch. This can either be 400 nm of either SiO2 or SiNx deposited
by plasma enhanced chemical vapour deposition (PECVD). However, hydrogen
silsesquioxane (HSQ) has successfully been used instead, it is an inorganic, low
viscosity, essentially liquid, glass that has the advantage of being deposited by
spin coating, making processing much quicker. Hard glassy layers of essentially
SiO2 can be formed by subsequent curing using heat or ultra-violet light. SiO2
or SiNx layers can be readily removed in hydrofluoric acid (HF) based wet etches
which do not attack III-nitride semiconductors.
3.1.2 Photolithography
Photolithography is used to pattern the sample or protective etch mask layer. It
allows device shapes to be etched in to the wafer, transparent contact layers and
metal contacts to be deposited.
A thin film of positive or negative photoresist is applied by spin coating,
following this the sample is usually baked. The desired photomask(see 3-1) is
used to transfer the pattern to the photoresist by exposing unmasked areas to
UV light. The pattern shown in Figure 3-1 is 5mm × 5mm, with the largest
devices measuring 1mm× 1mm. The 5mm× 5mm pattern was repeated over a
5” mask.
The following relationship is used to calculate the time for which the resist
should be exposed: Exposure time = Dose (mJ.cm−2)/ Intensity (mW.cm−2 ).
After exposure the photoresist must be developed in a developer solution.
3.1.3 ICP Etch
Inductively coupled plasma (ICP) etching is a process which involves the employ-
ment of a high energy, chemically reactive plasma to remove unwanted material
from a wafer.
An ICP etch is used to remove layers in order to expose the n-GaN to create
a mesa structure and also to isolate each device. Layer removal is necessary for
depositing metal contacts. A number of different plasmas are used to remove
different materials. An oxygen etch is used to remove any excess resist left. This
is followed by a CHF3 etch, used to etch windows into the protective layer. CHF3
will etch both SiO2 and HSQ.
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Figure 3-1: Photomask (5mm x 5mm) with different device sizes and test pat-
terns.
Finally the n-layer is exposed and the device isolated by using a Cl2/Ar plasma.
However a BCl3 plasma can also be used and has been shown to lower series
resistance and leakage currents [132] [133].
After etching the remaining photoresist is removed in a resist stripper. The
protective etch mask is removed in buffered oxide etch (BOE). BOE is a solution
comprising of hydrofluoric acid (HF )and ammonium fluoride (NH4) in a ratio
of 1 : 5 = HF : NH4.
3.1.4 Contact Formation
A number of techniques are used to deposit both the transparent contact and the
metal pads. These are discussed below.
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Electron beam evaporation
Electron beam evaporation is a common deposition technique which works by
using a beam of electrons to bombard the target material i.e. the material to be
deposited. Under a high vacuum (7.5 × 10−5 Torr) a charged tungsten filament
is used to to generate an electron beam. This beam is directed toward the target
material where the electron’s energy is transferred and causes the material to
heat and transform into its gaseous phase. This gaseous material then solidifies
coating everything within the chamber with the target material.
LEDs require a current spreading layer to ensure uniform current injection
into the p-layer, however it is vital that this layer be transparent. A thin layer
of Ni/Au (5nm/5nm) is deposited via electron beam (e-beam) evaporation. A
lift-off process is then performed before the sample is then annealed in a rapid
thermal annealer (RTA) at 500 C in O2 for approximately 5 minutes. ITO is a
common alternative to Ni/Au.
Following this the metal contacts are deposited, also by e-beam evapora-
tion. Typically this are Ti/Al/Ni/Au. Again a lift off step is performed post-
deposition. Figure 3-2 shows the structure of the final device. Devices fabricated







Figure 3-2: Structure of working device.
Sputter Deposition
The LEDs discussed in chapter 5 and chapter 6 required additional processing.
The deposition of any interlayer follows a similar procedure to the one outlined
in the previous section.
Sputter deposition is a means of depositing a thin film of a material [134]. The
process involves the material transitioning from a condensed phase, to a vapour
phase 1 and then back to a condensed phase (this is the deposited thin film).
The most straightforward method of sputtering uses a plasma (usually generated
from a noble gas e.g Ar). The target (which is the source material) is negatively
biased, which causes the plasma to bombard its surface, transferring energy and
causing the material to be released as a vapour. It is this removing of atoms
from the surface of the target that is known as sputtering. This vapour can then
re-condense on the substrate. The substrate is often positively biased. It is this
bias between target and substrate that is used to generate a plasma. However
1Hence sputter deposition is a type of Vapour Phase Epitaxy (VPE) and is done under high
vacuum conditions.
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the sputtering method used to deposit the thin films examined in later chapters
does not employ a biased substrate as the plasma is generated remotely. Further
information on this can be found on the Plasma Quest website.
Those presented in chapter 5 had the metal interlayer deposited as above,
but prior to the lift-off step, an indium tin oxide (ITO) or aluminium zinc oxide
(AZO) layer is deposited by low temperature sputtering (the substrate is not
heated or biased). The lift-off step is then carried out. It was found that this
technique does not work well. Whilst it is somewhat uncertain it is likely to be
the case for several reasons. These layers are relatively thick, making it more
difficult for the solvent to penetrate. A thicker resist and a greater undercut may
help ease this, but another technique is outlined below.
The LEDs detailed in chapter 6 have the lift-off step performed post interlayer
deposition. The AZO layer is then blanket deposited on top of the samples.
This is followed by a further lithographic step using a positive resist and the
transparent contact mask. The AZO is then etched using a 500:1 H2O : HCl
solution. The HCl used was 12M, 37 %. Time for etching can be quite variable,
so samples are checked every 20 seconds until etched.
3.2 Device Characterisation
LEDs are characterised by first using a CCD camera mounted on a microscope to
image the device at both high and low magnification, and allows for the distribu-
tion of light emission to be measured over a range of drive currents. This reveals
any issues arising from poor electrical contacts giving rise to the presence of in-
termittent series resistance which reduces the proportion of the applied voltage
being dropped across the active region of the LED, to reduce locally the intensity
of the emission. A neutral density filter may be required to avoid saturating the
CCD.
Pulsed light - current - voltage (L-I-V) measurements are then performed in
a dark box (to screen from any stray light), using short (∼ 1− 10ms) pulses on
a long duty cycle (∼ 1s) in order to minimise the effects of device heating.
The electroluminescence spectrum measurements are taken over a range of





Scanning Electron Microscopy (SEM) is a high resolution imaging technique. A
focused beam of electrons (from a thermionic emission source) moves across the
sample surface [135]. These electrons interact with the sample and produce an
array of signals (secondary electrons, backscattered electrons and x-rays) which
can be used to determine composition and topographical information. The res-
olution is determined by the electron spot size and the interaction volume, with
some systems being able to achieve sub-nanometre resolution (although atomic
resolution is not achievable). The penetration depth of the beam is dependent on
a number of variables such as the accelerating voltage and the density of the ma-
terial being penetrated. Field Emission Scanning Electron Microscopy (FESEM)
uses a field emission electron source, as opposed to a thermionic emission source
used in SEM. Thermionic emitters heat up a filament with a current, which will
emit electrons once a certain temperature is reached. Field emission differs in
that the filament is placed in a large potential gradient in order to generate a
beam of electrons. Electron beams generated in this way have smaller diameters
and are more coherent than those generated by thermionic sources, resulting in
enhanced resolution and signal-to-noise ratio.
Atomic Force Microscopy
Atomic Force Microscopy is a characterisation technique which can be used to
provide a variety of information about the sample under investigation, including
three-dimensional topography of the sample’s surface [136]. The resolution of
such images is tens of nanometres in the horizontal but down to a tenth of a
nanometre in the vertical direction. A cantilever with a sharp tip is used to
scan the surface. Measuring the force between the sample and tip allows for
the determination of mechanical properties such as Young’s modulus or stiffness.
Topographical images are constructed by measuring the sample’s position with
respect to the tip. Such images can be seen in later chapters.
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3.2.2 Electrical Characterisation
Careful and detailed electrical characterisation plays a vital role in determining
material quality and device reliability. These characteristics are also indicative of
the quality of processing techniques used. Low forward and subthreshold leakage
currents, as well as large breakdown voltages, are required in order to ensure
extended device lifetime and tolerance of electrostatic discharge. It is known that
threading dislocations increase the reverse leakage current, however they do not
appear to effect the forward voltage [62]. Increased reverse leakage has also been
correlated with diminished light output. A number of conduction mechanisms
may contribute to carrier leakage and are discussed in 3.2.2.
Theory
A pn-junction is an interface p-type and n-type semiconductor material. Elec-
trons from the n-type side will diffuse into the p-type side and holes will do the
same in the opposite direction. These carriers recombine, leaving the vicinity of
the interface depleted of free electrons and holes, which is known as the depletion
region. A space charge region is formed because as carriers diffuse they leave
behind ions, which gives rise to the diffusion voltage, VD, this is the barrier that
must be overcome in order for carriers to reach the opposite side of the depletion
region. When an external bias is applied this barrier will change, that is it will
decrease when a forward bias is applied and increase when a reverse bias is ap-
plied. A forward bias (see figure 3-4) will cause carriers to be injected into the
depletion region, they will then diffuse towards the regions of opposite conduc-
tivity and recombine. See [111] for a comprehensive discussion on the theory of
semiconductor devices and [10] for a discussion of LEDs specifically.















(eqV/kT − 1) (3.1)
Where Dp and Dn are the hole and electron diffusion coefficients respectively.














This can also be done for reverse bias conditions:
I = I0(e
qV/kT − 1) (3.3)












Equation (3.2) shows that as applied voltage gets close to the diffusion voltage,
the current begins to increase rapidly, this is known as the threshold voltage, Vth.
A modification of the Shockley equation is required for non-ideal diodes. The
inclusion of the ideality factor,nideal, acts to compensate for the deviation away
from ideal behaviour where nideal = 1.
I = I0e
qV/(nidealkT ) (3.5)
The presence of parasitic resistances is frequently observed in LEDs, these
can be categorised as series or parallel resistances. The former originates in the
bulk semiconductor, processing induced damage or contact resistances and the
latter from parasitic conducting pathways.
Figure 3-3: A pn junction at zero bias [10].
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Figure 3-4: A pn junction in forward bias [10].
Leakage Current
LED leakage current is comprised of both the reverse leakage current and the
subthreshold forward leakage current. The latter is sometimes observed in the
form of a “soft turn on” which presents itself in the IV characteristic as a gradual
increase in current when compared with sudden increase seen in diodes exhibiting
ideal (or almost ideal) behaviour). Reverse leakage current, Ileakage can be written
in terms of its components [137]:
Ileakage = Idrift,diffusion + Igeneration,recombination + Iinterband,tunnelling
+ Ithermally,assisted,multistep,tunnelling + Isurface,leakage + Iother (3.6)
The first three terms of (3.6) have been shown to be too insufficient in ac-
counting for the magnitude of measured leakage currents [137], [138] [139], [140].
GaN is known to have a high density of defects (compared with other semi-
conductors e.g. GaAs), which induce deep levels within the bandgap. Carriers
are then able to tunnel between such levels (thermally assisted multi-step tun-
nelling) [138]. Significant polarisation fields are know to exist in GaN and may
result in the coloumbic potential barrier of deep level traps being lowered, result-
ing in the enhancment of the thermal emission of carriers from these deep levels
(Poole-Frenkle emission) [141], [138]. Carrier leakage is known to be dependent
on temperature so thermally assisted tunnelling and Poole-Frenkle emission are
likely to dominate at room temperature, however at low temperatures, variable
range hopping is thought to dominate the reverse leakage [137] [111].
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P-contact Resistance
Circular transmission line patterns were fabricated and were used to determine
the p-contact resistance as seen in 3-5.
Figure 3-5: Circular transmission line test pattern
The pattern consists of nine circular electrodes with varying separations. A
probe is placed on the pad which can be seen in the upper left-hand corner. A
second probe is then placed on one of the nine electrodes and an IV measurements
made. This is then repeated for each of the electrodes. The resistance for each






















Where Rsh is the sheet resistance of the p-GaN, ρc is specific contact resistance
of the p-type contact, r is the radius of the inner contact and d is the separation
of the inner and outer contact. R is the sum of r and d.



















Where LT is the transfer length. The total resistance can then be plotted
against the separation width. Non-linear fitting can then be undertaken(this was
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done using our in-house LabVIEW contact resistance software). The gradient
of this line is equal to Rsh
2pir
. The x-axis intercept gives 2LT . Finally the y-axis
intercept is equal to 2LT
Rsh
2pir
. From the intercepts and the gradient, the contact
resistance R(c) and the specific contact resistance ρc can be determined using the
equations shown below.
Rc = RshLT (3.9)
ρc = RshLT
2 (3.10)
Figure 3-6: CTML test pattern showing parameters R, r and d
Secondary Ion Mass Spectrometry
Secondary ion mass spectroscopy (SIMS) is a characterisation technique, pre-
formed under high vacuum (x10−6 torr), used to determine the composition of
surfaces [142]. It works by using an ion beam to sputter (see 3.1.4) the surface
in question and employs a mass spectrometer to measure the mass/charge ratio
of the ejected ions. The composition can be determined to a depth of 1nm-2nm.
The majority of particles being emitted from the test sample are not the ions
being analysed. The sample is undergoing a sputtering process and as such the
surface morphology is being altered. The impact of this is dependent on the
dimensions of the ion beam and whether the current is continuous or pulsed.
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In this work SIMS measurments were used to characterise interlayers de-
posited underneath a thick transparent contact (ITO or AZO).
Electron Beam Induced Current
Electron beam induced current (EBIC) [143] is used to identify barriers or de-
fects in semiconductors and is similar to cathodoluminescence measurements. An
electron beam is used to create electron-hole pairs. If there is an inbuilt electric
field (e.g. from the depletion region of a p-n junction), the separation of the
pair will cause a current to flow (EBIC current). This can then be used to build
up an image, allowing for the identification of barriers (these glow brightly) or
defects (dark spots) within the structure. Minority carrier characterisation can
be preformed using the shape, size and contrast of any barriers. In this work
they are used to better understand the nature of TCOs using thin interlayers.
3.2.3 Optical Characterisation
Ideally all recombination would be radiative and all light would escape from
the device, but in reality of course neither happens. Determining the optical
properties of LEDs is essential in understanding the physics of the device and
diagnosing issues with the material, especially in the active region e.g. regions in
which non-radiative processes dominate.
Emission Spectrum
The most fundamental measurement when characterising an LED is the emission
spectra, which allows the peak wavelength of the emitted light to be determined.
These measurements will also reveal the presence of any parasitic emission, which
is highly indicative of defect states. The electroluminesence (EL)spectrum is
often measured over a range of bias levels in order to assess any shift in the peak
emission wavelength, which is a signature of a strong quantum confined stark
effect (QCSE).
Photoluminescence (PL) employs an intense light source (i.e. a laser) to gen-
erate excess carriers which then recombine, either radiatively or non-radiatively.
This technique is useful when assessing the optical properties of a material, how-
ever its strong PL emission does not always correlate with strong EL emission.
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Light output
Light output measurements are essential in examining the efficiency of an LED.
This is often measured with a photodetector over a range of bias levels. The
relationship between the two can then be analysed to determine the quantum
efficiency (ηQE) and any factors which limit it. The injection current can be
related to the carrier density in the QW,n, by the following relationship:
I = qVQW (An+Bn
2 + Cn3) (3.11)
The coeffiecients are defined in the first chapter. The photocurrent is mea-










Figure 3-7 shows how the non-radiative, radiative, Auger and other higher
order terms impact on the efficiency of the device, and allow us to determine
which processes dominate and when.




The first system shown in (Figure 3-8) consists of a CCD camera, connected to
the control computer, mounted on to a microscope. A source measure unit (SMU)
is used to drive the device under test (DUT). A DC current (or voltage) can be
applied and then images taken via the software supplied with the camera. The








Figure 3-8: System used for CCD imaging and I-V measurements
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Figure 3-9: Schematic of the integrating sphere system
The second system (Figure 3-9) consists of an integrating sphere 2 connected
to a SMU and spectrometer. A dual channel SMU is used, with one channel
used to drive the DUT and the second used to measure the photocurrent from
the integrating sphere. The software used to control these measurements was
written in-house specifically for this application. The SMU is also used to drive
the device whilst the spectrum is measured using manufacturer supplied software.
Unfortunately it is not possible for the device to sit inside the integrating sphere,
so the opening sits as close to the device as possible. This leads to the integrating
sphere slightly underestimating the emitted optical power.
2An integrating sphere is a device which spatially integrates radiant flux.
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Figure 3-10: The integrating sphere system and illuminated LED




The efficiency of GaN based LEDs reduces as wavelength increases (see 2.1.2).
This chapter presents the results on LEDs emitting within the green gap region
and explores the mechanisms that lead to reduced performance. All samples were
fabricated and characterised in-house. Temperature dependent measurements
were performed on samples 1 and 2 only. Samples 2 and 4 were comparable in
behaviour and thus conclusions about both could be drawn from measurements
on sample 2 only. Sample 3 was omitted as this sample had a very high rate
of device failure, which made measuring the same device at many temperatures
impossible.
The work contained in this chapter was presented at the International Con-
ference on Advanced Semiconductor Devices & Microsystems [144].
4.1 LEDs emitting in the green gap
A number of samples with varying In content were kindly provided by IQE 1.
Overall they possess a similar structure but there were changes to the number
and growth method of the QWs, namely differences in temperature ramp rates
and interruption times during growth. Whilst the observed results inevitably
arise due to these differences, details of growth recipes are commercially sensitive
and are therefore not discussed. A commercially grown sample was used as a
control, it’s structure can be seen below, Figure 4-1.
1IQE Europe ltd. Pascal Close, St. Mellons, Cardiff, South Glamorgan CF3 0LW
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Sample numbers, their corresponding emission wavelengths and approximate
In content of QWs are shown in the table below.
Sample 1 2 3 4
Emission λ 500nm 550nm 500nm 600nm
Approx In % 47% 65% 47% 85%
Figure 4-1: Epitaxial structure of the commercially grown control sample.
4.1.1 CCD images of devices under bias
CCD images are made of illuminated LEDs to check the uniformity of light emis-
sion from a single chip. Non-uniform emission is indicative of non-uniform current
density and hence poor current spreading. Poor current spreading occurs if the
chip design is non-optimum or the device fabrication, notably the contact resis-
tance, is unsatisfactory.
Control Sample
CCD images of the control sample can be seen in Figure 4-2. The uniformity
remains consistent regardless of injection current.
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Figure 4-2: Control device at different injection currents. Device shown is
500µm× 500µm.
Sample 1
Sample 1 exhibits dark patches which are independent of injection current (see
Figure 4-3). Correlated electron beam induced current (EBIC) and cathodolu-
minescence measurements of similar dark patches in blue LEDs have revealed
that excessive non-radiative recombination occurs in these dark patches [145], in-
dicating a material non-uniformity, possibly indium segregation occurred under
the MQW growth conditions used for this samples.
Figure 4-3: Sample 1 at different injection currents. Device shown is 500µm ×
500µm.
Sample 2
Sample 2 remains relatively uniform regardless of injection current, although
evidence of current crowding can be seen in Figure 4-4 (c). This is seen in the
image as areas that are brighter (lighter) around the outside of the illuminated
device, beside the outer electrode.
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Figure 4-4: Sample 2 at different injection current.Device shown is 500µm ×
500µm.
This sample, as well as sample 4, exhibited luminescence in reverse bias as
seen in Figure 4-5. Although a detailed analysis of this has yet to done, it is
thought that this may arise from defects within the active region.
Figure 4-5: Sample 2 in reverse bias. Device shown is 500µm× 500µm.
Sample 3
The emission from sample 3 is particularly non-uniform (see Figure 4-6). The
aligned bright patches seen in this sample are symptomatic of an off axis substrate
[146] and step flow epitaxial growth [147]. This sample also had a high turn on
voltage, suggesting substantial series resistance. Devices on this wafer also had a
very high failure rate once the injection current was greater than approximately
50mA, a further indication of non-optimum epitaxial growth.
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Figure 4-6: Sample 3 at different injection current. Device shown is 500µm ×
500µm.
Sample 4
Like sample 2, sample 4 remains relatively uniform regardless of injection current
and also exhibits current crowding although it is seen at lower current densities.
This sample also exhibits reverse bias luminescence.




This section will present the main results of the electrical characterisation.
I-V Characteristics
Figure 4-8: Forward I-V characteristics.
The forward bias I-V relationship shown in Figure 4-8. For a good quality device,
the approximate turn-on voltage is numerically equivalent to the bandgap of
lowest bandgap component [10]. For the devices discussed here these should be
2V - 2.5V. The deviation from this, especially for samples 2 and 4, is indicative of
poor device quality. The control sample however, is within reasonable agreement
with this approximation of turn-on voltage.
Figure 4-8 clearly shows that sample 3 has a large series resistance, evidenced
by the less rapid rise in current for applied voltage > 2.3V. All samples, except the
control, exhibit sub-threshold turn-on, which is highly indicative of the existence
of defect states. The control sample has a sharp turn on and steep gradient after
it has passed the threshold voltage. This suggests that the control sample is low
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in defects and has a small series resistance.
Figure 4-9: Forward and reverse I-V characteristics plotted on a semi-log scale.
Replotting the I-V characteristics on a semi-log scales allows for greater insight
into the processes which may be effecting device performance. The reverse leakage
current of the control sample is very small (∼ nA), and little forward leakage is
observed. Samples 2 and 4 clearly exhibit dramatic subthreshold and reverse bias
leakage. This is not surprising given that these samples also emit light in reverse
bias.
Identifying leakage mechanisms
There are a number of ways that I-V characteristics can be replotted in order
to try to diagnose the mechanisms behind the observed leakage currents. Re-
plotting using the method devised by Missous and Rhoderick [148] allows an
accurate determination of the saturation current, Io, from the intercept of the y-
axis (this is only valid for the linear region). This is representative of the minority
carriers diffusing in the opposite direction to the majority carriers. The control
sample exhibits a saturation current in the order of tens of picoamps, which is
consistent with what would be expected of a GaN LED. This is due to its wide
band gap and so there is a decreased likelihood of electrons being excited to the
conduction band and therefore there are fewer minority carriers. The saturation
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current for samples 1 and 3 is an order of magnitude higher than the control
sample. The saturation current of samples 2 and 4 is an order of magnitude
higher again. This suggests there are a greater number of minority carriers in
these samples.
Figure 4-10: IV characteristic can be plotted according to Missous and Rhoderick
[148].
The I-V characteristics can be replotted as shown in Figure 4-11. The linear
relationship exhibited by sample 2 in forward bias is indicative of the presence
of Poole-Frenkle emission in this sample, however this is not seen, at least not so
obviously over an extended voltage range, in the other samples.
Poole-Frenkle emission describes the process by which trapped carriers are
excited to the conduction band in the presence of an applied or internal electric
field. The field acts to reduce the barrier height and so reduces the amount of
thermal energy required to excite the carrier. Thus this becomes a mechanism
for the current flow. Trap depth (for those with coulomb potentials) is equivalent
of the barrier height.
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Figure 4-11: Carrier mechanisms can be determined by replotting the IV charac-
teristic as sqrtV against current on a semi-log scale.
It is evident from Figure 4-12 that a linear relationship exists at lower tem-
peratures, although this breaks down at higher temperature. This relationship
suggests that Poole-Frenkle emission is present in this sample.
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Figure 4-12: Replotted IV characteristic for Sample 1 at different temperatures.
Sample 2 very clear exhibits evidence of Poole-Frenkle emission being the
dominant conduction mechanism at sub-turn-on voltages.
Figure 4-13: Replotted IV characteristic for Sample 2 at different temperatures.
Sample 2 has a higher indium content than sample 1, so is likely to have
higher internal electric fields due to the increase in strain, so it follows that this
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has a marked effect on carrier transport mechanisms.
Temperature Dependent I-V Characteristics
IV measurements were taken over a range of temperatures between 440K - 80K.
This allows for a more comprehensive analysis of the mechanisms of carrier trans-
port within the device.
The IV characteristics of sample 1, at different temperatures are shown in
Figure 4-14. The slow turn-on of the device is indicative of a high series resistance,
even at high temperature [149]. This originates from both the material itself, as
well as the contact resistances. The p-contact resistance for this device was
high compared to the control, so it is likely that both contribute to the high
series resistance. A slow sub-threshold turn on is clearly seen at all temperatures
indicating that carriers are being transported via defect states arising from the
high indium content [10].
Figure 4-14: Temperature dependent IV characteristics of sample 1.
The IV characteristic shown for sample 2 in Figure 4-14 indicates there are
several mechanisms for carrier transport in sample 2. This occurs for a number of
reasons; the growth conditions leading to sub-optimal crystal quality, high indium
content also giving rise to defects and the significant lattice mismatch giving rise
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to high strain induced piezoelectric fields. It is highly probable that traps in the
depletion region cause carriers to be generated which then recombine resulting in
surplus current. In forward bias minority carriers recombine and at low applied
biases this is a significant transport mechanism. The clear sub-threshold leakage
is indicative of a parasitic pathways via defects. This sub-threshold turn on
is especially pronounced at low temperature which indicates the presence of a
parasitic diode. Carriers move via defect states which have lower barrier height
than the primary device. This is seen in the IV characteristic as sub-threshold
turn on. Figure 4-15 shows the equivalent circuit of the primary p-n junction
(diode 1) and the parasitic diode (diode 2). The threshold voltage and area of
diode 2 are less than that of diode 1.
Figure 4-15: Equivalent circuit of a diode and a parasitic diode [10].
Figure 4-16: Temperature dependent IV characteristics of sample 2.
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Plots of the reverse bias IV characteristic are shown in Figure 4-17 and Figure
4-18. These are plotted on semi-log scales as the reverse bias leakage current
varies by several orders of magnitude as temperature changes and this method of
plotting illustrates these most clearly. Both samples exhibited significant leakage,
even at low temperature.
The reverse leakage current of sample 1 increases by an order of magnitude
as the temperature increases, but does start to converge. The magnitude of this
leakage at -5V is still considerably less than the forward current. This suggests
that significant parasitic pathways do exist in this device.
Figure 4-17: Temperature dependent reverse bias IV characteristics of sample 1
plotted on a semi-log scale.
The reverse leakage current of sample 2 increases by more than an order of
magnitude as the temperature increases and there is less convergence than is seen
in the previous sample. The magnitude of this leakage at -5V is in the order of
mA - 10’s of mA, which is similar to the operating current in forward bias. This
suggests the presence of parasitic diodes which operate in the reverse direction
to the main device. Further evidence of this was discussed earlier, in which light
emission is observed from this device. However it does have a broad emission
spectrum, suggesting it arises from defects in the material.
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Figure 4-18: Temperature dependent reverse bias IV characteristics of sample 1
plotted on a semi-log scale.
The voltage at 20mA is then plotted as a function of temperature. As dis-
cussed previously sample 2 shows significant sub-threshold leakage. Both devices
show there are two pronounced regions (highlighted by the red lines in Figure
4-19) and Figure 4-20) which are indicitive of different mechanisms dominating
in the cryogenic region and then at higher temperatures. This is especially pro-
nounced in sample 1.
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Figure 4-19: Variation of 20mA Voltage with Temperature for Sample 1.
Figure 4-20: Variation of 20mA Voltage with Temperature for Sample 2.
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The reverse leakage current and how it varies with temperature is plotted in
both Figure 4-21 and Figure 4-22. There is less variation with sample 1 and the
leakage begins to saturate. However sample 2 exhibits a linear relationship with
no sign of saturation, indicating the presence of parasitic diodes operating in the
reverse direction.
Figure 4-21: Reverse leakage current at -5V as a function of temperature for
sample 1.
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Figure 4-22: Reverse leakage current at -5V as a function of temperature for
sample 2.
The temperature dependent measurements show that as indium content is
increased the device behaviour rapidly deteriorates, with leakage mechanisms




Figure 4-23: Relative efficiency against drive current. Samples measured were
500µm× 500µm.
Figure 4-23 shows the relative electrical to optical power conversion efficiency
curves of the five epitaxial structures considered. The two lowest efficiency struc-
tures also show the lowest increase in efficiency for drive currents <50mA. The
slope of this region of the efficiency curve is determined by the magnitude of
the non-radiative recombination rate: the more shallow the slope (i.e the more
gradual the rise in efficiency with injection current) the higher the non-radiative
recombination rate. The leakage current in this current regime was also high for
the lowest efficiency samples, indicating that SRH recombination centres, related
to both the degraded I-V behaviour and low power conversion efficiency at low
LED drive current.
Electroluminesence spectra
Figure Figure 4-24 shows for each structure the measured blue-shift in the peak
wavelength with increasing drive current. The samples with largest blue shift
(sample 2 and sample 4) were also the leakiest devices and had a greater In
content (i.e. longer wavelength). The cause of this blue shift could be attributed
to an increased strain as lattice mismatch increases due to the greater In content.
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Figure 4-24: Blue shift of samples with increasing current.
A large QCSE will arise from the strain induced polarisation [150]. A large QCSE
indicates that the electron and hole wave functions do not overlap significantly
for injection currents <50mA, with the consequence that radiative recombination
rate is lower in these samples, increasing the relative likelihood that non-radiative
recombination rate is higher in these samples.
Parasitic emission has been reported in InGaN based LEDs. This undesired
emission has been attributed to a number of causes such as tunnelling assisted
radiative recombination [151] or radiative transitions related to defects [152].
74
Figure 4-25: Normalised EL spectra with parasitic emission.
Figure 4-26: Parasitic emission observed in EL spectra
The emission observed in these devices is around 420nm, however it is weak
and doesn’t have a significant impact on the spectral purity. It is indicative of the
presence of channels for recombination outside of the active area. Similar parasitic
emission has been observed and attributed to transitions between the conduction
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band and a Mg acceptor or a transition between a shallow Mg acceptor and a
deep level donor. [153] [154]. This indicates that the parasitic emission observed
in these devices arises from either the p-type capping layer or as a result of Mg
diffusion into, or close to, the QWs. The latter is the more likely explanation if
the EBL is effective.
Summary
A procedure for identifying the causes of low efficiency in green LEDs via de-
tailed electro-optic characterisation has been implemented. The leakage current
observed in the forward and reverse I-V characteristics of the LEDs can be corre-
lated with increased non-radiative recombination that limits the peak electrical-
to-optical power conversion efficiency. Further it can be demonstrated that epi-
taxial structures that cause a strong QCSE, specifically wider quantum wells
result in an increase in the non-radiative recombination rate relative to the radia-
tive recombination rate to impact on the peak power conversion efficiency. This
strong QCSE also correlates with Poole-Frenkle emission and degraded device
performance. As indium content increases more parasitic pathway are present




Improving the external quantum efficiency of LEDs is essential for most applica-
tions (as discussed in Chapter 1), so optimising the light extraction efficiency is
a critical step in realising this. The use of transparent conducting oxides (TCOs)
is of interest due to their superior transmittance and current spreading perfor-
mance, compared to the standard Ni/Au layer used [155] [130]. However, as
discussed in Chapter 2 making contact with p-doped GaN is inherently difficult.
When deposited directly on to p-type GaN, both indium tin oxide (ITO) and
Al-doped ZnO (AZO) form poor contacts. However, the use of thin metal layers
(interlayers) deposited before such TCOs has shown to vastly improve the contact
resistance.
This chapter presents the results of green LEDs (fabricated from commercial
epitaxy) with different transparent conducting layers replacing the traditional
Ni/Au layer.
The work contained in this chapter was presented at the European Materials
Research Society Fall 2016 meeting and the International Conference on Nitride
Semiconductors 2017.
SIMS and EBIC measurements were kindly performed by Dr. Juraj Priesol and
Alexander Satka at the Institute of Electronics and Photonics in Slovak Univer-
sity of Technology in Bratislava.
Indium Tin Oxide (ITO) and Aluminium Zinc Oxide (AZO) layers were deposited
by low temperature sputtering at Plasma Quest Ltd in Hook.
ITO and AZO were used, along with thin metal interlayers. A sample with a
Ni/Au layer was also fabricated alongside as a control. The Ag/AZO sample
77
was omitted from SIMS and EBIC characterisation due its especially poor per-










This sections presents the results and discussion of the electrical characterisation
of the device. These include both IV characteristics, sheet resistance and contact
resistance measurements.
5.1.1 IV Characteristics
The IV characteristics of all of the samples can be seen in the figure below.
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Figure 5-1: I-V characteristics of all samples.
.
The inclusion of interlayers causes a reduction in the turn on voltage with
little change in reverse leakage. Whilst the Ni/Au sample still displays the best
overall performance the Ni interlayer does show promise when used with either
ITO or AZO. ITO does still outperform AZO, however this may be due to there
being well established recipes for ITO sputtering, whereas AZO is still in its
infancy. Optimisation of deposition may see AZO readily able to compete.
5.1.2 Characterisation of TCO layers
Each of the transparent contacts was deposited on glass in parallel with the
deposition on to GaN. This allowed for four point probe measurements to be
made for each contact. Results from this are shown in the table below. The
inclusion of an interlayer under the ITO layer causes an increase in the resistivity
of the layer, however the reverse is seen for the inclusion of interlayers with AZO.
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Sample Thickness(nm) Rsh(Ω/) Resistivity (Ωcm)
Ni/Au 5/5 22.0 2.20 ×10−5
ITO 315 10.1 3.18 ×10−4
Ni/ITO 1.2/315 10.9 3.45 ×10−4
Ag/ITO 1.5/315 14.4 4.55 ×10−4
AZO 450 19.1 8.6 ×10−3
Ni/AZO 1.2/450 10.1 1.28 ×10−3
Ag/AZO 1.5/450 29.1 1.31 ×10−3
5.1.3 Contact Resistances
The p-contact resistances are shown in the table below. Ni/Au has the lowest
resistance by several orders of magnitude. The ITO samples again are better than
the AZO samples. The contact resistance for the AZO without an interlayer could
not be determined. The Ni interlayer is shown to be a better candidate than the
Ag. This can be attributed to the formation of NiO, which is inherently p-type.












This section presents and discusses the results from the optical characterisation




CCD images of the devices being driven at 10mA are shown and discussed here.
AZO alone shows dark patches, along with very non-uniform emission. However
the inclusion of an interlayer causes an improvement in the uniformity of emission.
The sample with the Ag interlayer underneath the AZO does appear to have dark
spots.
Figure 5-2: CCD images of AZO samples and Ni/Au sample at 10mA drive
current. Some parts of bottom images are obscured by probes.
Samples with ITO are more uniform than those with AZO. The inclusion of
an interlayer underneath the ITO layer results in only a small improvement in
emission uniformity.
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Figure 5-3: CCD images of ITO samples at 10mA drive current.
5.2.2 Efficiency
Light output measurement were taken using an integrating sphere. They are
presented in this section in terms of wall plug efficiency. It should be noted that
absolute measures of optical output cannot be taken so there may be some output
losses that are not quantified.
The AZO sample employing the Ni interlayer achieves the highest efficiency.
All samples exhibit some level of efficiency droop.
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Figure 5-4: Wall plug efficiency of LEDs with AZO. Devices measured where
500µm× 500µm.
The wall plug efficiency of the ITO based contacts is shown below. Again the
Ni interlayer gives greatest efficiency.
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Figure 5-5: Wall plug efficiency of LEDs with ITO
It can be seen that the Ni interlayer is of most benefit, with Ag being detri-
mental to performance. The Ni/AZO sample is more efficient than the Ni/ITO
sample. This is likely due to the enhanced transmission properties of AZO (dis-
cussed in the next section).
5.2.3 Transmittance
It is shown that the Ni interlayer does not have a significant effect on transmit-
tance with peak transmittance at 520nm for the Ni/AZO sample. This is an
improvement on the transmittance of Ni/Au which is approximately 74% at the
same wavelength [157]. The inclusion of the Ag interayer impacts negatively.
AZO has better transmittance properties than ITO. The cut-off in transmittance
arises from the glass substrates.
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Secondary ion mass spectrometry (SIMS) measurements were used to demon-
strate the formation of Ni / NiO and Ag /AgO interlayers and to determine
their position in the contact structure. Additionally they provide contamination
analysis.
Electron beam induced current (EBIC) measurements were used to detect any
barriers or defects.
5.3.1 ITO
It appears that the thickness of the ITO is rather variable. However the depth
distribution of the primary constituents (InO, SnO) is consistent across all the
samples. SIMS measurements confirm that Ni, NiO, Ag and AgO are present at
the GaN interface. Sharp Ni and NiO peaks are indicative that a thin layer has
been formed i.e there is no indication of nanoparticles. It is observed that the NiO
peak is stronger than Ni peak and Ni and NiO maxima are mutually shifted, with
the NiO peak shifted toward ITO which indicates the Ni has partially oxidised.
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Figure 5-7: SIMS data for ITO/GaN, Ni/ITO/GaN and Ag/ITO/GaN samples.
87
The Ag and AgO signals peak at the same depth in ITO. With the Ag peak
being stronger than the AgO but both possessing the sample shape which suggests
the formation of Ag nanoparticles, as well as their partial oxidation. Predicted
Ag-Ga is not seen.
88
Figure 5-8: SIMS data for interface detail ITO/GaN, Ni/ITO/GaN and
Ag/ITO/GaN samples.
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Figure 5-9: SIMS data for AZO/GaN and Ni/AZO/GaN samples.
5.3.2 AZO
The AZO has a more uniform thickness across the samples than the ITO samples.
The distribution of the primary constituents, ZnO and AlO is also similar across
the samples. As with the ITO sample, sharp Ni and NiO peaks are clearly
detected at the interface. The peaks exhibit very similar intensities with the NiO
shifted slightly towards the AZO.
90
Figure 5-10: SIMS data for interface detail AZO/GaN and Ni/AZO/GaN sam-
ples.
5.3.3 Contamination
SIMs measurements allow for the determination of contaminants in the film.
Contamination of the ITO film
All the ITO samples were found to contain ZnO. It is likely that this comes
from the deposition chamber, which is used for many different materials. Carbon
was also detected at the ITO/GaN interface. This was least in the ITO on GaN
sample and the highest with the Ni interlayer. This may arise from the additional
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processing step required to deposit the interlayer. Si contamination is also found,
and is thought to come from the Kapton tape used to secure the samples during
ITO depostion. AgO was also found in the Ni/ITO sample.
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Figure 5-11: SIMS data showing contamination of the transparent contact in the
ITO/GaN, Ni/ITO/GaN and Ag/ITO/GaN samples.
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Contamination of the AZO film
It was found that there was a very high concentration of Cl at the AZO/GaN
interface. This may arise from the mesa etching step. Future fabrication should
include a KOH to remove this. This may further help to improve the contact
properties. As well as Cl, C, S, and AgO, contaminants were found in the AZO in
quantities that were not negligible. Improved deposition techniques will allow the
number of contaminants to be reduced and the AZO properties to be improved.
As with the ITO, Si contamination is found with its origin believed to be from
the Kapton tape used to secure the samples during film deposition.
Figure 5-12: SIMS data showing contamination of the transparent contact in the
AZO/GaN and Ni/AZO/GaN samples.
5.4 EBIC Characterisation
Pulsed EBIC measurements allow for the visualisation of the effects related to
the dynamics within the device structure, which in this instance relate to the
current spreading, as well as the trapping and emission of carriers at defects.
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Figure 5-13: Correlation of EL and EBIC maps measured in various modes for
ITO/GaN sample
Due to the high resistance of the p-type layer not covered by AZO, the built in
electric field in the space charge region at the edge of the mesa is higher relative
to forward polarised structure. This results in carriers collecting at the mesa edge
and the electroluminescence becoming lower. The inclusion of the Ni interlayer
suppresses this effect.
Figure 5-14: Comparison of EL measured at 3mA (a) and inverted pulsed EBIC
measured at different pulse conditions at Ebeam = 20keV, for the AZO/GaN
samples
EL and EBIC comparison demonstrates the enhancing role of the AZO with
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the Ni interlayer on current spreading. The marked areas are defects / device
imperfections in the structure which are seen in both EL and EBIC. Results also
suggest inhomogeneities in MQW region and p-GaN layer. The EBIC measure-
ments further support the use of thin interlayers in combination with AZO as a
promising candidate for indium-free transparent contact technology.
5.5 Summary
The employment of an interlayer causes a decrease in the turn on voltage and
improved light output, when compared with AZO only. AgO and NiO are formed
at the interface, causing an increase in the hole concentration, helping to over-
come the inherent issues with decreased hole concentration in p-type GaN. The
presence of these is confirmed by SIMS measurements. The presence of such
layers increases the hole concentration due to their interaction with the GaN sur-
face. Various compounds are formed at the interface, which produce Ga vacancies
which act as acceptors (and thus increase the hole concentration) [158]. Inclusion
of interlayers gives improved current spreading and this is further confirmed from
the EBIC results. Interlayers significantly lower the contact resistance compared
with samples negating one, although optimisation is required to lower this fur-
ther. This could include a thicker interlayer or annealing interlayer before and/or
after TCO deposition.
Interlayers could provide a means of using AZO to make good contact with
p-GaN, without suffering from poor transmittance, and could be a candidate for
replacing Ni/Au and ITO based contacts.
The Ni interlayer shows the most promise and further work on this is discussed




Al-doped ZnO has been proposed as an alternative to both Ni/Au and ITO-based
transparent contacts for GaN LEDs. Improved transmittance has been observed,
which results in improved light output [130]. The rarity and expense of Indium
is also a driver in looking for cost effective, sustainable ITO alternatives [159].
AZO alone makes poor contact with p-type GaN, however the inclusion of a thin
metal interlayer has shown promise. Ni interlayers have been demonstrated to
improve the specific contact resistance (Chapter5).
This chapter presents the results on LEDs with Ni interlayers placed under-
neath a layer of AZO. The anneal conditions of the Ni interlayer were varied.
Additionally a further sample was fabricated to determine if a marginal increase
in Ni thickness would impact on the quality of the device. All samples were
annealed for 5mins at 500C in either O2 or N2. The thickness of the AZO was
approximately 450nm. A control sample was fabricated and employed a Ni/Au
layer annealed for 5mins at 500C in an O2 atmosphere. The table below details
the samples discussed in this chapter.
ITO and AZO layers were again deposited by low temperature sputtering at
Plasma Quest Ltd in Hook.
Unfortunately some issues occurred whilst processing these devices. These
issues only impacted on green emitting devices. A more detailed explanation of
these issues is presented below.
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Sample Ni thickness Anneal





The IV characteristics of the devices can be found in the figures below. Unfortu-
nately issues relating to the AZO layers (see 6.3) meant that contact resistances
for the variable anneal samples could not be determined. However the IV char-
acteristics show that annealing the interlayer before AZO deposition is a means
of changing the electrical characteristic.
Figure 6-1: IV characteristic at different anneals. Replotted on semi-log scale
below.
Whilst the sample annealed in O2 and the sample which was not annealed ap-
pear to have very similar IV behaviour, replotting on a semi-log scale shows an
improvement in the device behaviour. This replotting makes the behaviour of
each sample more clear, as two of the samples shown in Figure 6-1 (red and blue)
superpose each other. Additionally any anneal shows an improvement in the re-
verse leakage when compared with no anneal.
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Figure 6-2: IV characteristic at different anneals plotted on a semi-log scale.
The sample annealed in O2 gave the best performance, so a further sample
was prepared with a slightly thicker 3nm Ni interlayer, which was also annealed
for 5mins in O2 at 500C. A further control sample was also prepared with the
standard 5nm/5nm Ni/Au layer deposited and annealed in the same way. 450nm
of AZO was then deposited on both these samples.
Interestingly the 3nm Ni/AZO gave the best IV characteristic. There was
no difference in the reverse leakage current. The contact resistance of the 3nm
Ni sample was found to be 4.2 × 10−3Ωcm2 and the Ni/Au sample was 7.0 ×
10−3Ωcm2. The 3nm Ni sample also has better transmittance the Ni/Au sample.
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Figure 6-3: IV characteristic of samples with Ni/Au and 3nm Ni interlayers.
6.2 Optical Characteristics
The wall plug efficiency (WPE) is plotted against current. As is usual for nitride
LEDs, efficiency droop is observed. The sample with the N2 anneal has the high-
est peak efficiency but this does drop off more rapidly than the sample annealed
in O2. Both of the annealed samples have a higher efficiency than the sample
with no anneal.
Figure 6-4: Wall plug efficiency of different anneals.
CCD images were taken to compare the uniformity of emission from the 3nm
Ni sample and the Ni/Au sample. Whilst there are several dark patches, this does
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not vary between samples. This suggests the dark patches arise independently of
the interlayer.
Figure 6-5: CCD images of 3nm Ni/AZO and Ni/Au/AZO operating at 0.4mA.
The wall plug efficiency was also determined and plotted for the thick Ni and
Ni/Au samples. Again the 3nm Ni sample out performed the Ni/Au. When com-
pared with the thinner Ni samples, the thicker sample also achieves an improved
result.
Figure 6-6: Wall plug efficiency comparison with Ni/Au and 3nm Ni interlayer.
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6.3 Effects of film quality
The quality of the transparent contact film is of critical importance. This sec-
tion will demonstrate the effect of degraded films and their impact on device
performance.
The devices discussed here were fabricated from commercial green epitaxy.
All interlayers and AZO were deposited by the methods outlined previously.
It was apparent that post-processing an unusually high number of the green
devices had failed. It was initially postulated that issues were arising due to the
post AZO deposition processing. This was shown not to be the case when a
number of devices were fabricated from blue epitaxy. All interlayers and AZO
were deposited on the same runs.
6.3.1 Electron Microscopy
SEM and FE SEM imaging was used to look at the sample surfaces. Striking
differences can be seen between the AZO deposited on green epitaxy (see Figure
6-7) and that deposited on the blue epitaxy (see Figure 6-8). Both samples have
Ni interlayers between the p-GaN layer and the AZO. The Ni for both samples
was deposited at the same time. The AZO was deposited on the same run and
both samples underwent the same processing through to finished devices.
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Figure 6-7: SEM image showing 200nm deep trenches in AZO deposited on green
LED.
Large trenches can clearly been seen in the AZO on Figure 6-7. EDX mea-
surements show that all of the material is AZO.
Figure 6-8: FE SEM image showing surface of AZO deposited on blue LED.
No trenches are observed in the AZO deposited on the blue epitaxy shown in
Figure 6-8 AZO was also deposited on top of glass slides and is very similar in
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appearance to that seen in Figure 6-8. Images of the uncoated LED (not shown)
show smooth, clean, uniform surfaces, suggesting that surface features did not
influence the deposited films.
6.3.2 Atomic Force Microscopy
Atomic force microscopy was used to characterise the AZO discussed in the pre-
vious section. In particular it was used to ascertain how significantly the AZO
changed when deposited on the green epitaxy.
Green LED
Figure 6-9: 2D AFM of AZO showing 200nm deep trenches.
The large trenches shown in Figure 6-9 were found to be in the region of 200nm
deep, almost half the depth of the layer. They were often more than 1um across.
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Figure 6-10: 3D AFM of AZO showing 200nm deep trenches. The vertical scale
is 550nm.
A 3D plot shown in Figure 6-10 shows not only are there very large trenches
but also large lumps of material. These spots were identified as AZO with EDX,




Figure 6-11: 2D AFM of AZO showing 20nm roughness.
The AFM data for the AZO deposited on the blue epitaxy is shown in Figure 6-12.
The surface roughness is determines to be approximately 20nm and is uniform
across the sample. It is clear from the 3D plot that there is little variation across
the sample, and certainly no significant features.
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Figure 6-12: 3D AFM of AZO showing 20nm roughness.
Whilst the cause of the trenches is unknown, it can be concluded that this
is an issue specific to the green epitaxy. Such trenches occurred across all of
the green samples and none in the blue samples. The AZO was deposited in 3
different runs, but the issue arose in all of these. From the information available
the epitaxial structure of both samples is nominally the same with the exception
that the green sample has an InGaN capping layer. It is possible that there may
be some indium segregation and this is the source of these features, but that is
high speculative. Further measurements such as SIMS, EBIC and XPS would
be beneficial in achieving a comprehensive conclusion. Such experiments would
prove helpful in the further development of improved green devices.
6.4 Summary
Several conclusions can be drawn from this work. The inclusion of an anneal step
before AZO deposition enhances the wall plug efficiency of the device. Overall
an anneal in O2 is of most benefit. This is likely due to the creation of NiO
which increases the hole concentration (the mechanism for this is discussed in
the previous chapter). Using a slightly thicker Ni layer improves the efficiency
further. This provides strong evidence that the inclusion of an interlayer is a
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means of enhancing the contact performance and also makes the possibility of
realising a commercially viable In free transparent contact a reality. Ensuring
the AZO is of good quality is incredibly important, as problems in this layer
cause significant device failure. Further work is needed to characterise the nature





All work in this chapter was carried out out between Imperial College London
and University of Bath. Sputter deposition, most of the device fabrication, CV
measurements, x-ray diffraction and simulation were performed by Chen-Sheng
Lin at Imperial College. PL, EL, LI and IV measurements were performed by
the author at the University of Bath. Analysis and writing were shared between
Chen-Sheng Lin and the author. All results are presented so as to present a com-
plete discussion. The author would like to reiterate thanks to Chen-Sheng and
his supervisor, Michelle Moran, for their invitation to participate in this work
and for the fruitful collaboration.
The Minamata convention on mercury is an international treaty which aims
to protect both humans and the environment against the detrimental effects of
mercury. Mercury is a critcal material in traditional ultraviolet (UV) lamps,
which are used in a diverse range of applications. Due to such protocols , UV
LEDs have gained significant attention, as they offer not only an alternative to
mercury vapour lamps but one that has the potential to be considerably more
efficient(and thus less of a drain on resources) [160]. Whilst the technology sur-
rounding GaN based visible LEDs has improved dramatically in recent years,
shifting the emission wavelength outside of that region has proved problematic.
In order to adjust the bandgap to a suitable region GaN must be alloyed with alu-
minium (Al), to form AlGaN. Similar to the problems of increasing In content in
InGaN based devices, increasing Al (to shorten the emission wavelength), results
in a significant drop off in efficiency. There are also significant issues regarding
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the p-type doping of AlGaN, the absorption of this p-type layer and high defect
densities. The latter are particularly problematic for the typically complicated
device structures employed to optimise efficiency.
This chapter will present and discuss results related to an alternative de-
vice structure which directly circumnavigates some of the greatest challenges
faced in the realisation of this powerful technology [161]. Here a metal-insulator-
semiconductor structure is employed, completely omitting the p-type layer, and
thus the inherent issues that come with that. The structure also avoids compli-
cated device structure, something which is especially helpful when it comes to
characterising (and thus understanding) the device behaviour and lends itself to
more robust optimisation.
Figure 7-1: Schematic of the MIS LED structures discussed in this section [161]
The devices all employ a structure which consists of a thick n-GaN layer grown
on a sapphire substrate. A thin AlN layer was deposited on top of the n-type
layer, with a semi-transparent current spreading layer. Metal contact pads are
deposited on the n-GaN and the transparent contact. A schematic can be seen
in Figure 7-1.
7.1 MIS structures emitting at 365nm
Initial work focused on determining a suitable thickness for the AlN insulating
barrier layer. Four samples were prepared with varying insulating layer thick-
nesses; 3nm, 5nm, 10nm, 20nm. These layers were deposited on top of the
n-AlGaN layer by RF sputtering. Ion milling was used to define a 0.45mm2
mesa. A 7nm Cr/Au current spreading layer was deposited on top of the AlN
by thermal evaporation. Cr/Au was chosen due to limits in material available
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and is not an ideal choice for forming a quasi-ohmic contact. This was followed
by a Au probing contact, which was also thermally evaporated. To characterise
the role of the interface between the insulating layer and the metal contact layers
and to study any effects of oxidisation on the AlN surface, an additional sample
was produced with the metal being sputtered immediately after the AlN, without
breaking vacuum. Results for varying thickness are presented first, followed by
the optimised sample.
7.1.1 The effect of varying AlN thickness
Photoluminescence
Photoluminescence (PL) measurements were performed at room temperature and
used a pulsed Nd:YAG laser with a wavelength of 266nm.
Figure 7-2: PL spectra of n-AlGaN layer
The PL spectra was used as a means of determining the epitaxial quality
of the n-type layer before further work proceeded. Figure Figure 7-2 shows the
emission peak at approximately 365nm, and it was concluded that the crystal
quality was suitable to proceed.
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Electrical Characterisation
After devices were fabricated, current-voltage (IV) measurements were performed.
The results of these are shown in figure Figure 7-3. The sample with the 3nm AlN
layer exhibits somewhat ohmic behaviour. This is indicative of carriers easily tun-
nelling through the insulating layer. This ohmic behaviour is readily suppressed
with only a small increase in AlN thickness. The 5nm sample exhibits diode
behaviour, albeit poor. This is observed as a significant reverse bias leakage cur-
rent, indicating that electrons are still able to tunnel through the layer. When
the barrier thickness is doubled, to 10nm, good diode behaviour is observed, with
little reverse bias leakage. Increasing the thickness again, to 20nm, negatively
impacts the device behaviour with resistance becoming high in forward bias thus
preventing current from flowing. Of these four samples it is clear that a 10nm
AlN layer provides the most suitable IV characteristics for realising light emission
from such structures.
Figure 7-3: I-V characteristics of MIS structures with varying AlN layer thick-
nesses. (a) 3 nm, (b) 5 nm, (c) 10 nm and (d) 20 nm. [161]
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Electrolumiescence characteristics
A Keithley 2602A was used to electrically drive the device under test, with all
measurements being performed at room temperature. The output was measured
with a spectrometer.
Figure Figure 7-4 shows how the electroluminescence (EL) spectra of the
samples at 250mA drive current (a), and the EL spectra of the 10nm sample at
different injection currents. Unsurprisingly (given its IV behaviour), no emission
was observed from the 3nm sample. Only very weak emission was detected from
the sample with the thickest AlN layer. Emission was observed from all the
other samples, with the 5nm and 10nm devices giving the strongest emission.
The emission was observed at 369nm and 367nm respectively. This slight offset
occurs due to the voltage required to apply the 250mA injection current varying,
and resulting in a difference in the relative band alignments near the active region.
Due to the absence of any p-type layer in this structure, it is most likely
that carriers tunnel directly from the n-AlGaN valance band, through the AlN
layer, to the Au/Cr contact and this provides the supply of holes required for
radiative recombination. This is further reinforced by the reduced emission from
the 20nm sample. Increasing injection current causes a broadening and red-shift
of the peak, with similar behaviour being attributed to band bending at the
interface [162].
The second graph in Figure 7-4 depicts the change in EL intensity of the
10nm AlN sample with varying injection current . Emission grows with increas-
ing injection current before decreasing. Here the dominant mechanisms for this
”efficiency droop” are not the same as those attributed to conventional GaN
based LEDs (see 2.1.1, where the emission output which initially increases with
injection current becomes sub-linear and only drops if there is Joule heating [163].
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Figure 7-4: (a) EL spectra of devices with different AlN thicknesses under an
injection current of 250 mA and (b) EL spectra of the MIS LED device with a
10 nm AlN insulating layer under different injection currents [161].
7.1.2 Optimised MIS device
A further MIS LED sample was fabricated, employing a 10nm AlN layer. In this
instance to prevent contamination or oxidisation of the AlN surface, the metal
contact was deposited immediately after AlN growth, without breaking vacuum.
Electrical characteristics
The I-V characteristic of this device can be seen in Figure 7-5, where the re-
gion of negative differential resistance (NDR) is clearly visible. These devices
had also displayed some reverse bias leakage, although this was not significant
(i.e. 100nA). This is a key characteristic of resonant tunnelling behaviour and
was reproducible over repeated measurements as well as stable over time. This
behaviour was observed in multiple devices processed on this wafer. This be-
haviour appears at larger voltages than those displayed in Figure 7-3, however
those devices were measured at higher voltages and NDR was not observed.
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Figure 7-5: IV characteristics of MIS diode with 10 nm thick AlN layer.The labels
a – c correspond to different regions of device behaviour [161]
Optical output characteristics
The variation in EL intensity with increasing injection current is shown in Figure
7-6. This device has a maximum peak intensity an order of magnitude greater
than the sample structure with the metal contact deposited in a second step.
Additionally the peak from this device is narrower and has a reduced red-shift
than the previous device. This is indicative of the improved emission output and
resonant tunnelling behaviour correlating with an enhanced metal/AlN interface.
Figure 7-6: (a) EL spectra for the optimised device (b) Peak EL intensity against
injection current for the same device [161].
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The observed loss in efficiency cannot be attributed to Joule heating and so
other mechanisms must be responsible. Such heating can be dismissed for sev-
eral reasons. The device was processed and measured on wafer and the wafer
was clamped to a heat sink whilst devices were tested, thus helping with local
heat dissipation. A thermocouple was used in conjunction with the measurement
set up and no temperature variation was observed. When compared with com-
mercial LEDs emitting in the same region, the forward resistance was notably
lower. The I-V characteristic of the devices remained consistent throughout the
measurements, even after the LED was driven at high current. This is further
evidence that Joule heating was not a dominant mechanism in the efficiency loss.
Such stable performance can be partially attributed to the lack of a p-type layer,
which is typically highly resistive and thus a significant contributor to heating
and loss. The clean insulator/metal layer also helped to reduce contact resistance,
improve current spreading and reduce any associated efficiency losses.
Figure 7-7: Energy band diagrams corresponding to the regions shown in Figure
7-5 [161]
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The band diagrams shown in figure Figure 7-7 were obtained by modelling
done by using the 1D-DDCC simulator and values obtained in the literature [164].
1
Most interestingly however, as the device starts to exhibit resonant tunnelling
behaviour it also reaches its peak optical output, suggesting that tunnelling is
responsible for supplying carriers [165]. A defect band in the sputtered AlN
layer was anticipated and can be seen as the 400nm peak in the PL spectra
shown in Figure 7-8. This measurement was taken from a reference sample. The
band diagrams and mechanisms shown in Figure 7-7 are in alignments with the
electrical and optical characteristics observed. At low forward bias the tunnelling
probability is low but carriers are able to undergo thermally assisted tunnelling
through a defect band. These correspond to point a in Figure 7-5 and inset a
in 7-7. Point b in Figure 7-5 and diagram b in Figure 7-7 relate to an increase
in applied voltage. Here there is an increase in band bending which leads to the
AlN defect band and the metal’s Fermi level aligning with valence band of the
n-GaN meaning carriers can readily tunnel through the barrier. The defect and
valence bands go out of resonance as the voltage is increased, resulting in few
valence band holes being generated. Increasing the applied voltage further, as
shown in point c Figure 7-5 and diagram c in Figure 7-7, results in carriers in
the n-GaN conduction being able to easily tunnel; a process known as Fowler-
Nordheim tunnelling. This is the process in which electrons can tunnel through
a barrier in the presence of a strong electric field [166]. Electrons are no longer
confined at the GaN/AlN interface and as such the rate of radiative recombination
decreases. Defect states between the insulating layer and the contact metal also
have a detrimental effect on light output and also increase the probability of
Fowler-Nordheim tunnelling into the contact from the GaN conduction band. It
is suggested that, due to the inability to thoroughly clean the n-GaN surface,
defects present at the insulator/semiconductor interface may contribute to the
resonant tunnelling mechanism.
1Simulations were performed by Chen-Sheng Lin at Imperial College, London.
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Figure 7-8: PL spectra from the defect band of sputtered AlN
7.1.3 Conclusion
Emission at 365nm was observed in simple MIS structures. It was found that a
10nm insulating layer gave optimal electrical and optical behaviour. The struc-
ture was further optimised when the insulating layer and metal contact were
deposited in the same run in order to prevent surface contamination. Further-
more increased light emission correlates with the region of the IV characteristic
that exhibits negative differential resistance and it is likely the free holes in the
valence band arise from resonant tunnelling. The decrease in light emission at
increased drive current is thought to be due to fewer conduction band electrons
due to Fowler-Nordheim tunnelling. The resonant tunnelling occurs because of
the presence of a defect band in the AlN layer. This work shows that such a
structure can be used as a source of UV emission and is proof-of-principle. Fur-
ther work can be focused in a number of directions including shortening emission
wavelength and/or improving the efficiency of such structures by use of quantum
well type structures for improved carrier confinement. Work on devices emitting
at shorter wavelengths is presented below.
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7.2 MIS structures emitting at 335nm
All work presented in this section is pending publication.
Further to the work presented on MIS devices emitting at 365nm, the remain-
der of this chapter will discuss work on devices emitting at 335nm.
The device consisted of an n-type AlGaN layer grown by MOCVD grown on
top of a thick AlN buffer on a sapphire substrate. A thin, 10nm, AlN layer was
deposited by sputter coating on top of the n-AlGaN layer. A 7nm layer of Ti/Au
was deposited on top of the AlN layer and acted as a current spreader. A gold
contact pad was deposited on top of this. A Ti/Al/Ni/Au contact was deposited
on top of the n-type layer. A schematic and top view photo can be see in Figure
7-9.
Figure 7-9: (a)Schematic the n-AlGaN based MIS LED structure discussed in
this section. (b) The top view of one of these devices.
7.2.1 Characterisation of epitaxy
A 1 um thick n-AlGaN layer was grown by MOCVD on a thick AlN buffer layer
on c-plane sapphire substrate. This layer was characterised by x-ray diffraction
as is shown in 7-10 and is indicative that the growth is epitaxial, however in-plane
orientation is required to confirm this.
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Figure 7-10: XRD diffractogram of an AlGaN layer grown on an AlN buffer layer
with sapphire substrate. (a) Omega- 2θ scan. (b) Omega scan for the peak of
AlGaN(0002).
The AlGaN bandgap and Al content were calculated from photoluminescence
measurements using a pulsed Nd:YAG laser (266nm) at room temperature. The
PL peak (see 7-11 was found to be at 334.7nm with a FWHM of 18.9nm, meaning
the Al composition is around 14
Figure 7-11: PL spectra of AlGaN layer.
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7.2.2 Electrical characteristics
Again IV measurements were the primary means of testing the device charac-
teristics and allow for the determination of carrier transport mechanisms. The
results are plotted in 7-12 , with the linear nature of the IV characteristic of the
annealed metal contact (Ti/Al/Ni/Au) and the n-AlGaN, shown in inset, con-
firming the ohmic nature of the contact. There is clear diode behaviour with a
turn on voltage around 1.8V. The forward current at 5V was found to be around
40mA and at the same voltage in reverse bias 1.5x10−5 A, suggesting relatively
low leakage.
Figure 7-12: I-V characteristic of the MIS LED. Inset shows the IV characteristic
of the ohmic contact between the Ti/Al/Ni/Au electrode and the n-AlGaN
Similar to the 365nm device, defect assisted tunnelling is observed in this de-
vice. IV characteristics can be replotted a number of ways in order to determine
the mechanisms of carrier transport within the structure. Plotting the character-
istic on a log-log scale shows there are three distinct regions, which can be seen
in Figure 7-13. At low forward bias (region 1), the device behaves according
to Ohm’s Law i.e. the current is linearly related to voltage [167]. The exponen-
tial increase in current with voltage observed in region 2 is indicative of carriers
tunnelling and recombining via defect states [168].
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Figure 7-13: Log-log scale I-V characteristic with three zones labelled. Upper
inset depicts the linear I-V plot on a semi-log scale in the zone II range. Lower
inset presents I/V 2 against 1/V plotted on a semi-log scale
The upper inset of Figure 7-13 shows a semi-log plot of the second zone and
shows a linear relationship. As the applied bias is increased the device moves
into the third zone. The high electric field in this regions means the barrier is
triangular in shape and there is only a thin barrier which means electrons can
easily tunnel i.e. the dominant transport mechanism here is once again Fowler-
Nordhiem [169]. This third zone is the standard one used in relation to this
process. The IV characteristic was also plotted as I/V 2 vs 1/V on a semi-log
scale and can be seen in the lower inset of Figure 7-13.
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Figure 7-14: Frequency dependent capacitance-voltage characteristic of the device
Frequency dependent capacitance voltage (CV) measurements, shown in Fig-
ure 7-14, were taken to characterise any defects in the device. Interface defects
are suggested by the dispersion between frequencies. The values of capacitance
give different peaks at different frequencies and were not observed at high fre-
quency, which suggests there are different types of interface defects with variable
lifetimes [170]. A capacitance drop was found at 1MHz which is indicative of
resonant tunnelling.
Both the IV and CV characteristics support the suggestion the carrier trans-
port within the device is dominated by defect assisted tunnelling.
7.2.3 Electrolumiescence characteristics
As in the previous section, the device was driven using a Keithley 2602A and at
room temperature. The electroluminescence spectra of the device can be seen in
Figure 7-15. The peak emission intensity occurs at 335.4nm with a FWHM of
roughly 18nm. This is strikingly close to the PL peak from the n-AlGaN layer
which was 334.7nm, suggesting near band emission was achieved. The FWHM is
narrower than p-n junction devices emitting at similar wavelengths, reported in
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the literature by Yan et al [171]. The MIS structure has sharper emission peaks,
as well as being easier to achieve and thus suggests it is a promising route to
achieving deep UV emission.
Figure 7-15: EL spectra of the LED.
7.2.4 Conclusion
An additional proof-of-concept structure was created to show the further poten-
tial for deep UV emission from simple p-layer free structures. Emission at 335nm
was achieved using a Au/AlN/n-AlGaN device structure. As with the 365nm
structure, a 10nm insulating layer was employed. X-ray diffraction and PL mea-
surements were used to characterise the material before the device processing.
Simple electrical characterisation indicates that defect-assisted tunnelling allows
holes to be generated in the AlN layer and then recombine. This work proves




This work demonstrates that alternatives to the tradition pn-junction founda-
tions for LEDs are feasible for UV emission, an important result especially when
considering the wider applications of low cost UV devices. It is hoped this work
will lend itself to developing a straight forward approach to producing devices
emitting in the UVC (100nm-280nm) region. Such developments may include the





This chapter aims to summarise the main findings of this work, as well as identify
avenues for further work. Also included is a statement of impact which aims to
put the work into context in broader terms.
8.1 Conclusions
A simple procedure was identified for detailed characterisation of loss mecha-
nisms in long wavelength emitting devices. This was done through the use of
extended analysis of the electrical behaviour (including temperature dependent
measurements) and correlating this with the optical behaviour of the devices. A
strong quantum confined stark effect was observed and correlated with the pres-
ences of Poole-Frenkle emission, reverse bias luminescence and significant leakage
currents. All of these correlate with increased non-radiative recombination and
all worsen as wavelength (and indium content) increase.
The use of interlayers as a means of improving the transparent conducting
layer was then investigated. They are found to improve the opto-electrical prop-
erties of the devices. They act by means of increasing the hole concentration,
which helps to circumnavigate the issues arising from the decreased hole concen-
tration in p-type GaN. Inclusion of interlayers gives improved current spreading.
Additionally interlayers significantly lower the contact resistance when compared
to samples which do not have one. By annealing the interlayer before the thick
oxide layer is deposited the overall efficiency is found to increase when compared
to samples that were not annealed. Annealing in an ambient O2 environment
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improves the electrical characteristics. Following from that result further devices
were fabricated using slightly thicker (3nm) Ni. This was annealed in O2 before
AZO was deposited. An additional sample was also prepared using a 5nm/5nm
Ni/Au layer underneath the AZO. It was found that they had comparable contact
resistances and that the 3nm Ni interlayer sample performed best overall. This
shows that interlayer/AZO layers can compete with Ni/Au and ITO based con-
tacts, without suffering from poor optical transmittance and thus could replace
the traditional contacts.
Finally it was demonstrated that structures omitting a p-layer are a potential
alternative to the traditional pn structure when creating UV emission sources.The
optimal insulating layer thickness was found to be 10nm. The device behaviour
was improved when metal contacts were deposited without vacuum being broken,
suggesting surface contamination is detrimental to device performance. Electrical
characterisation suggests that holes are generated via defect-assisted tunnelling.
Additionally it was found that these devices can exhibit resonant tunnelling be-
haviour and this behaviour correlates with enhanced emission output.
8.2 Future Work
A number of areas have been identified as potential avenues for future work.
• Further work on the use of interlayers with AZO. Different metals, varying
thickness, varying annealing conditions are needed to optimise the contact
if AZO is to be realised as a true alternative to ITO.
• Additional alternative materials to ITO should be considered, with several
prospects being suggested such as delafossites, such as CuFeO2 [172].
• Characterisation of the specific causes of the poor quality AZO deposited on
to the green epitaxy may prove vital if there are inherent incompatibilities
between the materials.
• Further work is required on the optimisation of the MIS resonant tunnelling
devices if they are to become commercially viable and useful. This must
be done in all aspects of device creation including growth, the inclusion
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of quantum well structures to improve carrier confinement, fabrication and
contact development.
8.3 Impact statement
When conducting any research its wider impact should be considered. How the
work presented in this thesis can be viewed in a broader landscape is discussed
briefly here.
Comprehensive characterisation, especially of failure mechanisms, in complex
structures in which specific mechanisms are hard to isolate is a vital step in
realising improved efficiency. It is hoped that by identifying some of these, a
greater understanding of device failure is gained. From this steps can be taken
to avoid growth and processing techniques which encourage such mechanisms,
and ultimately high efficiency green-gap devices can be realised. This will be
most beneficial for white light systems and display applications, where greater
efficiency means lower power consumption and thus not only lowers energy de-
mand, but may allow for use in remote and developing communities.
Indium is now deemed a critical resource, but its consumption is increasing dra-
matically for use in electronics. As well as the environmental concerns regarding
the mining of this material, it is also in short supply [173]. This is motivation
to find more sustainable replacements. Here it has been shown that by includ-
ing a very thin interlayer, AZO becomes a viable alternative to ITO. This could
result in a reduced demand for a scarce resource and would allow it to only be
used when necessary. AZO is also more cost effective, meaning it may push costs
down, making the resulting technology available to all.
Perhaps the most interesting work in this thesis is discussed in the final chap-
ter. Here is proved that MIS structures can be used as a source of UV emission,
and that it is possible to reduce the wavelength. This is early stage work, but
the concept is proved. The simple nature of these structures lends itself to low
cost processing. The realisation of low cost deep UV devices has world changing
consequences due to the germicidal nature of UVC (100nm - 280nm) radiation.
Water-borne disease is the worlds biggest killer and antibiotic resistance is a grow-
ing problem, so low cost, efficient UVC devices could be employed as a means of
sterilisation of water [174] and air, and ultimately could save millions of lives.
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